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This dissertation explores the relationship betwoen 
seismicity and volcanism, using a large volume of data 
accumulated in computer-readable format. Global seismicity and 
volcanism are described in quantitative terms. The hypothesis, 
propounded by Blot (196 14) 9 that a causal connection exists 
between deep focus earthquakes and subsequent shallower 
earthquakes and volcanic activity, is examined with particular 
reference to the larger magnitude events in the south-wcst Pacific. 
The development of seisniicity and volcanism is discussed in 
terms of the concept of plate tectonics, and their physical 
relationship envisaged as one of partial melting of rock due to 
the stress drops associated with large earthquakes. Microseismicity 
in a volcanic region is examined in the light of data obtained in 
southern Italy. Data relevant to the study of progression in 
earthquakes is presented, but not analysed. 
It is concluded that there is little evidence that deep focus 
earthquakes have any special influence on the development of 
seismicity or volcanism. The best evidence, only barely significant 
in statistical terms, comes from a study of deep earthquakes near 
Bougainville and eruptions at Bagana volcano. Deep earthquakes should 
be considered as special cases of intermediate earthquakes rather than 
as a phenomenon of unique significance in their own right. 
About 36?a of large magnitude intermediate earthquakes 
(M 6.9) can be correlated with changes in volcanic activity within 
100 Km, using a time window of 6000 days: the figure drops to 314 
ii. 
when events near potentially active volcanoes are included. 
Irrespective of location, this represents about 15 of all large 
intermediate earthquakes. Such apparent correlations, however, 
except in the southern 1urile Islands, have no significance, being 
equally capable of having been due to chance. Shorter time tzindows 
yield meaningful results for southern Japan and the New Hebrides. 
Because of the possibility of random correlations due to 
chance, reliable estimates of future volcanic activity cannot be 
made solely from a knowledge of the dates, magnitudes and locations 
of large intermediate earthquakes. Only 26 of such earthquakes 
during this century were apparent precursors of eruption. An 
additional means is required for the identification of earthquakes 
of volcanic significance: this is likely to be found in focal 
mechanism studies. 
Apart from earthquakes within 100 Km of volcanoes, evidence 
suggests, notably in the case of the Katmai eruption of 1912 and 
some eruptions in the central New Hebrides, that very large 
magnitude intermediate earthquakes at distances up to about 500 Km 
have affected, and perhaps directly caused, subsequent eruptions. 
A distinction is drawn between 	 intermediate earthquakes, 
which typically precede eruption by months or years, and 
'triggering' earthquakes, either shallou or intermediate focus, which 
precede eruption by at most a few days. A higher percentage of 
large intermediate earthquakes bear an apparent relationship to 
nearby eruptions than the percentage of eruptions that can be linked 
to large earthquakes. 
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Some of the most active volcanic areas, such as Java, lack 
large intermediate earthquakes; this is interpreted as evidence 
of decreased strength, and hence increased volume of melt material, 
in the upper mantle beneath such areas • In Java and Sumatra 
very large magnitude shallow earthquakes may have directly affected 
volcanism. Furthermore, all 17 of the greatest volcanic eruptions 
in island are environments during this century can be fairly 
convincingly linked to magnitude 8 earthquakes. 
The observed clustering in timeof all large magnitude events, 
both seismic and volcanic, is interpreted as indicating that 
seismicity and volcanism respond together to large scale changes 
in an external stress field. Geographical regions of the order of 
a hemisphere in size become affected by periods of 'tectonic 
instability', and it is probable that such episodes have a greater 
effect on the timing of events that that due to large earthquakes 
in neighbouring areas. In only two cases during the past 70 years 




The outcome of this research has yielded conclusions significantly 
different to those expected, when, inspired by the pioneer work of 
Claude Blot, it was begun in 1965. Imperceptibly the emphasis has 
shifted from the deep focus earthquakes, and has underlined the 
importance of intermediate focus shocks in the development of 
volcanism. The extent and limitations of this relationship have 
been explored. 
Evidence has been collected which largely supports the belief 
of G.A. Taylor, C. Blot, J.C. Grover and others that intermediate 
focus earthquakes are of direct value in volcanic prediction. 
Detailed study of focal mechanism is now required, using especially 
records at close distances. By so doing one may learn more of the 
process of magma generation at depth, and comprehend the meaning of 
what J.R.R. Tolkien* so beautifully describes as "the slow 
everlasting groan of overburdened stone." 
The arrangement of the principal sections of this.work mirrors 
the way in which it has been undertaken. The first is introductory 
and describes the methods and materials employed; the second is 
descriptive of the phenomena to be considered, in space and time; the 
third is detailed and analytical and specific to the New Hebrides arc; 
the fourth describes an experimental method of studying seismicity, 
applied in Sicily, and now recently in New Guinea; the fifth is 
global, analytical, and examines the most outstanding features of 
of worldwide seismicity and volcanism; the sixth is a synthesis of 
conclusions, and the seventh is suggestive of future research. 
*Footnote:... 'The Lord of the flings', p.524, George Allen & Unwin Ltd., 
1968. 
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A. INTRODUCTION 
"nor is it safe ...., such have been the effects of the 
disturbing agencies, to judge of ancient relations by existing 
neighbourhoods, or of original situations by present places of 
occupancy •" 
Hugh Miller, chapter VII, p. 135, 
'The Old Red Sandstone', 181: 
(Everyman's Library, No. 103, 
J.M. Dent & Sons Ltd., 1906) 
2. 
Al THE NATURE OF THE PROBLEM 
Summary 
The complexities of the problem are examined, and seismicity 
and volcanism are defined as different manifestations of a single 
seismo-volcanic process: in a number of ways the two sets of 
phenomena approach each other closely. 
Al.l INTRODUCTION 
The search for interdependence between seismicity and volcanism 
is the search for cause and effect between two sets of phenomena 
which differ in some important respects and yet are curiously alike 
in others • Indeed for many of us in our first encounter with the 
subject of earthquakes and volcanic eruptions a hazy confusion 
tended to linger in the mind between the two classes of event. 
When through study, interest or familiarity we firmly disentangled 
the one from the other, perhaps espousing the simple idea that 
earthquakes are due to fault movements, eruptions to the expulsion 
of subterranean rock materials at the Earth's surface, then we may 
have killed the simple truth that the two sets of phenomena are 
essentially different manifestations of a single process. 
A1.2 DEFINITION OF SEISNICITY AND VOLCANISM 
It is as well, then, to define as clearly as possible the 
terms seismicity and volcanism. Perhaps one may begin by saying 
that seismicity is a process of transient, sudden energy release 
beneath the 	surface; volcanism a process, still transient, 
often less sudden and usually of longer duration, of energy release 
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with emission of material at the Earth's surface.. Further enquiry, 
however, will show that the two phenomena are not always clearly 
distinguishable. In some volcanic terrains microtremors may occur 
which show clear evidence of the passage of waves both through rock 
and through the air. They can be assumed to have occurred at foci 
in direct contact with the atmosphere.* These foci can sometimes 
be traced to groups of active fumaroles (as at Vulcano), although 
no obvious change in gas emission accompanies the release of 
seismic energy. 
Traced to the Earth's surface, therefore, seismicity may appear 
00 intimately associated with volcanism that it may be difficult to 
distinguish the one from the other. Similarly, when traced below 
the surface, as for example to a depth of the order of 1 km in the 
vent of Stromboli volcan, volcanism may be manifested in small 
earthquakes (of magnitude m up to about 3.6), some of which can 
be correlated with vi 	o explosions, and some of which cannot. It 
is significant that apart from earthquakes due to the submarine 
slumping of sediments, landslides, minebursts or subsidencea, surface 
focus seismicity does not occur. Even small aftershocks of large 
crustal earthquakes take place at a depth of not less than about 1 km. 
*Footnote: Note that large magnitude earthquakes, even when they 
occur below the Earth's crust, can give rise to detectable airwaves, 
due to transfer of energy by shaking from the ground to the air. No 
such explanation can be offered, however, in the volcanic case, in 
which there is no perceptible shaking, ground motion being of the 
order of a few hundred millimicrons at most. 
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Thus it is only in active volcanic terrains that a clear gradation 
of seisnicity from depth to surface can be observed. 
It is evident that although some degree of overlap occurs, 
earthquakes differ from eruptions mainly in two respects. Firstly 
they occur deeper, and secondly their duration is generally much 
shorter. A third criterion which at first sight characterises 
eruptions, the presence of molten, or at least heated material is, 
like the matter of depth of focus, not without a degree of overlap 
with earthquakes. For there is some gradation between the two types 
of eruption that occur in volcanoes, magmatic eruptions in which 
molten material is present, and phreatic eruptions in which only 
country rock or old volcanic debris is ejected. Likewise there is 
some gradation between the two types of eruption which occur elsewhere 
than in volcanoes, activity of the mud volcano type, which is often, 
but not always, associated with tectonic earthquakes, and 'eruptions' 
of sand, mud and water during large magnitude earthquakes due to 
compression and compaction by shaking of water bearing sediments. 
One may define, therefore, seismicity and volcanism as transient 
processes of energy release, the former generally of shorter duration 
and occurring at greater depth than the latter*. It is in the  
Footnote: Minakami (1960), aummarising the results of his work over 
the previous 20 years, stressed the difficulty in distinguishing seismic 
from volcanic activity. Volcanology includes production of magma in the 
depths and its ascent. "Probably the only H 
most important problem of earthquake phenomena is the propagation of 
seismic waves while that of volcanic phenomena is the rise and extrusion 
of magma.... This may cither reach the surface or rain in the cruet; a 
different sort of selernicity is associated with these two possibilities". 
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manifestation of the effects of what may be essentially one 
causative process that the two differ greatly, the principal effect 
of seismicity being shaking due to the passage of elastic waves 
through rock, and that of volcanism the expulsion of material at 
the Earth's surface due to release of internal pressures. 
A163 CAuSE AND EFFECT IN SEISMICITY AND VOLCANISM 
The search for interdependence is therefore one for cause and 
effect between different products of what is, in the broadest sense, 
a single seismo-volcanic process. Furthermore, viewed in detail, 
the homogeneous nature of each of these products disintegrates. 
There is convincing evidence from the field of focal-plane studies 
that earthquakes differ widely in mechanism, depending perhaps 
mainly on differences in tectonic setting; for whereas the dominant 
cause of seismicity in a certain region may be tectonic compression, 
in another it may be tension or lateral dislocation. Similarly 
there are fundamental differences between, for example, the deep-
seated volcanism of basaltic shield volcanoes,, and the shallow, 
intracrustal volcanism of dacitic domes. The presence of magma 
undoubtedly has a profound effect on the type and mechanism of 
earthquakes occurring in a volcanic region (see Robson, Barr and 
Luna (1968) and discussion in section C3). 
Thus before seeking to explore the relationship, interdependent 
or otherwise., between earthquakes and volcanic activity, one must 
seek to establish relationships between different classes of 
earthquakes, and between one type of eruption and another. It 
becomes necessary to group events and classify them in a consistent 
manner, and here, by the very selectivity of the process, is considerable 
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scope for error. Furthermore, it is illogical to assume, a priori, 
that events in any region, even over short periods, should in their 
classification remain constant with time. There can be marked 
variations in the type of volcanism at a single centre within 
periods of a few years, and at least over long periods remarkable 
changes in the geography of seismic zones; consider for example, 
the development of recent seismicity transgressing late Tertiary 
tectonic arcs in the Bismarck Islands*. 
It is this variability of volcano.-seismicity with respect to 
time that further complicates the search for a process of cause and 
effect between sequences of events. Such a process must be 
identifiable by repetition in the presence of random events or 
events due to other causes. When the process itself is complex, 
as it certainly is, and when in addition it is liable to change with 
time, this repeatability 'is destroyed or at best modified in a way 
that makes it exceedingly difficult to recognise. It becomes 
virtually impossible to prove or to disprove a causative relationship 
between sequences, and the demonstration of reasonable probability 
emerges as the best that can be expected for a working hypothesis; 
such an hypothesis can be established in a tenuous manner only if it 
works better than other hypotheses. 
When ambient circumstances alter, when for example a change in 
the intensity or direction of the stress field takes place, there 
*footnote: See discussion in section Fl. 
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are alterations in the temperature and pressure in the vicinity 
of an earthquake focus or beneath a volcano. Indeed the very type 
of rock may change, through phase transitions, metamorphism, 
melting or by removal of a mana fraction in the process of 
differentiation. The repetition of a certain sequence of earthquakes 
therefore, even if identical in magnitudes, time intervals and 
spatial positions, cannot be interpreted with complete confidence 
as the exact replica of a previous prooess; nor can events 
following a pattern be assumed to repeat when the pattern itself 
repeats. The original sequence may itself have altered the 
environment. 
In short, there is no room for facile comparisons between 
widely 8paced areas, nor is it to be expected that sequences will 
repeat in a single area over a wide time span, nor indeed that all 
or even most earthquakes in any area should be causally related, 
except in the broadest sense. One should beware of any attempt to 
extend a simple theory in too uniform a manner over a large region; 
the visible complexity of rock types and tectonic environments at 
the Earth's surface makes such an approaclz unlikely. Uniformity 
in detail must be most strongly questioned. 
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A2 REVIEW OF PREVIOUS WORK 
Interest in and comment on earthquakes and volcanic activity 
has been widespread in scientific circles for an extremely long 
time. A mass of descriptive accounts fills the literature, and a 
wealth of discussion on the relationship between earthquakes and 
volcanoes is to be found in the works of writers, poets and 
scientists from Classical times to the present. 
A2.1 ANCIENT TIMES 
Earliest accounts sought an explanation for the prodigious 
forces at work by assigning them to Divine Beings whose spheres 
of influence volcanoes and earthquakes shared with other forms 
of violent natural phenomena. Poseidon dealt out earthquakes to 
the Ancient Greeks in as arbitrary a manner as Hephaestos let fly 
sparks from his subterranean forge beneath Vulcano. The violent 
convulsions (earthquakes) and streams of fire (lava flows) which 
are a common feature of Etna were attributed to the fact that a 
giant, Typhon, was imprisoned beneath the island of Sicily, who 
from time to time made strenuous efforts to escape.* 
* Footnote: 	Similar stories were current in Japan, where a 
large earth spider was believed to cause earthquakes, in 
North America, Scandinavia, and in many parts of A8ia (see 
Milne, l898, p.25). 
9 . 
The first known scientific explanations are to be found in the 
works of historians and philosophers of Ancient Greece. Aristotle 
believed that earthquakes and volcanic eruptions were the results 
of imprisoned air seeking to escape. He used two words, in English 
transliteration 	 and lpfleuma, which mean in Greek 
1jfl 
and 'blast of air'; they might perhaps both be more aptly 
translated as 'gas', wherein his theory contains more than a germ 
of truth, for in both volcanic eruptions and swarms of volcanic 
earthquakes the role of gas-pressure is of undoubted importance. 
Lucretius, the Elder Pliny, Strabo, Seneca and Pausanias held 
similar theories, Strabo in particular stressing the importance of 
the upheavals and subsidences that accompanied many earthquakes and 
eruptions, especially in coastal districts. Not only was air 
seeking to escape from cavities within the Earth, but whole sections 
of the Earth, and in particular the . bed of the sea (for this being 
"saturated with water, is far more easily moved and is liable to 
undergo more sudden changes") 4 were from time to time engulfed, 
while other parts were upraised by the displacement of subterranean 
air. 
Footnote: See 'Geographika', book I. Chapter 51; see also 
Ambraseys (1962) for a scholarly account of Ancient references on 
tsunami, in which this passage is quoted. 
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A2.2 MEDIAEVAL TIMES - MID-NINETEENTH CENTURY 
During the Middle Ages and up to about the mid-Eighteenth 
Century most investigators of a serious scientific nature believed 
in something akin to the classical Aristotelian theory. Public 
and ecclesiastical opinion in general held that earthquakes and 
volcanic eruptions were Divine punishments for Man's evil ways. 
This idea is an old one; Virgil expressed it when he quoted an 
eruption of Etna as proof.of the Gods' anger at the death of 
Caesar. In the latter part of the Eighteenth Century a theory 
caine to be widely held, especially among Italian scientists, that 
earthquakes were due to electrical discharges causing the 
explosion of subterranean gases (see Mime, 1898, p.27  for 
references). At about the same time Michell (1761) drew attention 
to the worldwide siiilarity in ditrihution between earthquakes 
and volcanic eruptions and suggested that earthquakes were due to 
the forcing upwards of subterranean steam in the attempt to break 
through strata and establish a volcanic vent at the surface. 
Mallet in 1862, writing about the Ne&politan earthquake of 
1857, elaborated a theory of explosion due to superheated volcanic 
steam entering a subterranean fissure (see Richter, 1958 s pp.30-37 9  
and Mime, 1898, p.29). Scrope (1862, p.6), in a section of his 
book entitled 'Interdependence of Earthquakes and Volcanoes', points 
out that although "a volcanic eruption....is usually preceded by 
earthquakes....these, however, are generally of a minor and local 
character. The great paroxysmal earthquakes, which calamitously 
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affect extensive areas, do not, in the majority of instances, 
appear to be connected, as to the time of their development, 
with eruptive activity in any neighbouring volcano." He quotes 
examples as well as exceptions to this rule (see later 
discussion in Section F 1). 
Essentially volcanic theories of earthquake generation were 
held by Leopold von Buch and Alexander von Humboldt. Dutton 
(1904, p.21), discussing von 1umboldt's theory, says that he 
"regarded volcanoes as safety-valves. So long as they remained 
open the interior forces could not, he thought, accumulate to 
any dangerous extent in their immediate neighbourhood. But at a 
distance from the vent they might become more menacing." Dutton 
goes on to say that "Humboldt was 1so impressed with (the) fact 
•...that such quakes as occurred near an open s active volcanic vent 
were almost always light and inconsiderable, while the heavy and 
destructive ones were almost always far away from them." Dutton 
comments that "this statement....is of world-wide application. 
The Instances of heavy destroying earthquakes in close proximity 
to active volcanoes, are extremely few, though a very small 
number are recorded." Darwin, writing in 1845 of the great 
Chilean earthquake of 20 February 1835 which was accompanied by 
certain volcanic phenomena stated, "From the intimate and 
complicated marther in which the elevatory and eruptive forces 
were shown to be connected ong (the earthquake), we may con-
fidently come to the conclusion, that the forces which slowly 
*Footnote: These are discussed later in Section F l 
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and by little starts uplift continents, and those which at 
successive periods pour forth volcanic matter from open orifices, 
are identical. From many reasons, I believe that the frequent 
quakings of the earth on this line of coast, are caused by the 
rending of the strata, necessarily consequent on the tension of 
the land when upraised, and their injection by fluidified rock." 
There are two other main groups of theories of importance in 
the Nineteenth Century. The first, the so-called Downfall or 
Ccl1ape Thecry ('Einsturztheorie') was held by Scheuchzer, 
Boussingault, Necker and Volger (see Dutton, 1904, p.18, for 
references). This sought to explain all earthquakes as due to 
collapse of rock into underground cavities; its advocates 
believed that earthquakes and volcanic activity were essentially 
not interrelated. The second theory, largely advocated by Ferrey 
(1841 1, 1853; see also complete list in Mallet, 1858, p.122), 
stressed the importance of lunar and solar tides acting on what 
was believed to be molten sub-crustal material. .Perrey also carried 
out extensive rcearch into volcanism (see 1837, 1856) and applied 
his Tidal Theory with considerable success to a study of the 
periodicities of eruptions. 
A2. 3 LATE NINETEENTH CENTURY - EARLY TWENTIETH CENTURY 
By the end of the Nineteenth Century the complexity of earthquake 
and volcanic phenomena was beginning to be realised and there was less 
readiness to apply a single all embracing theory. Judd, writing in 
1881*, while admitdng that some earthquakes occurred in areas 
*Foo1ote: See 6th edition (1903) 
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"far away from any volcanic centres", declared that "it is none 
the less certain that earthquakes as a rule take place in those 
areas which are the seats of volcanic action, and that great 
earthquake-shocks precede and accompany volcanic outbursts", but 
most other writers at about this time were more ready to concede 
that earthquakes had many modes of origin. Some, however, held to 
uniform theories; T.J.J. See, for example, writing in 1906, 
developed an ingenious theory, which he traces back to Lucretius, 
explaining both seismic and volcanic phenomena as due to seepage 
of ocean water into low levels of the crust, and Mallet in 1858 
wrote "If we admit, then, as certain, that these vast tracts (the 
seismic regions of the Earth as marked out by deep ocean trenches) 
are subsiding, we can scarcely withhold our belief that the 
subsidences are due to and are the equivalent in bulk of the solid 
ejecta and exhalations of these....greatvolcanic areas...." 
Dutton (1904) clearly distinguished between "quakes of volcanic 
origin and dislocation or tectonic quakes." Knott (1908) wrote 
"There is the undoubted fact that volcanoes are frequently prominent 
features of countries which are subject to seismic disturbances. 
.... But a careful consideration of the facts shows that in many 
cases the connexion between the two kinds of phenomena is not very 
close. The Japanese volcanoes form the backbone of the country, 
whereas the earthquakes mostly originate under the ocean to the 
east." 
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Mime (1898) made the valuable suggestion that earthquakes 
might be due to a process of creep, plastic flow in the materials 
of the Earth's crust (he did not extend his theory into the under-
lying mantle). In discussing the connection between sei8micity 
and volcanism he made the important point that earthquakes 
directly associated with impending volcanic eruptions, which he 
attributed to "many ineffectual efforts to establish a vent", were 
"perceptible over a comparatively limited area". Compared with 
"earthquakes, some of which originate in non-volcanic districts, 
and which are repeated many times per year, they are insIgnificantly 
small". "The majority of earthquakes," he believed, "including all 
of any magnitude, (were) spasmodic accelerations in the secular 
folding or creep of rock masses .... " 
views to a very large extent represent opinion as it 
stands today, although the scale has greatly altered; now, instead 
of regarding creep as limited to comparatively small Volumes of the 
crust, whole layers of sub-crusta1 material are believed to deform 
plastically, the more brittle crustal rocks being those in which 
large amounts of strain energy can accumulate. The work of Reid 
(1911 9 1913 and 1933) represented a great advance and clarification 
of ideas about faults and their ability to store strain energy. 
With what appeared a thoroughly convincing theory of earthquakes 
widely accepted, advocates of uniformity in generation of 
earthquakes and volcanism became markedly fewer0 
The enormous volume of lIterature which was produced after 
about 1920 on fundamental problems of earthquake genesis, tectonic 
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development and the role of volcanism basically filled in details 
of the broad outline drawn by Mime. Theoretical work blossomed 
and the nature of seismology changed abruptly from empirical to 
theoretical and quantitative. Volcanology and the study of 
tectonics underwent a similar but rather slower change. 
A2.4 MODERN TIMES 
The classic synthesis in modern thinking on the relationship 
between earthquakes and volcanoes is embodied in the work of 
Gutenberg and Richter (1949 a,b). Here are to be found the 
textbook illustrations which correlate surface volcanism with 
earthquakes in island are structures at depths of 100-200 km.: 
gravity anomalies typical of seismic and volcanic areas are 
described and correlated with tectonics. The important observation 
was made that "shallow shocks, being associated with the most 
recent activity, do not always follow the principal tectonic lines, 
many of which originated in the Tertiary or earlier. Such lines 
are usually followed more closely by the epicenters of shocks at 
intermediate depths....and by volcanic vents". 
Jeffreys (1962) examined processes of heating within the crust 
and upper mantle. The basic cause of volcanism he regarded as 
vformation  of deep sediments, and still more the formation of 
mountains, ( leading) to thermal blanketing". "Consequently", he 
writes, "we should expect fusion to occur in the intermediate 
layer, below a mountain chain. The squeezing out of the intermediate 
layer...., and the occurrence of large intrusions of granite and 
andesite in mountainous regions, are therefore to be expected". 
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Earthquakes in general he correlates with faults, and these in 
general with regions of steep topography, the fundamental cause 
being gravitational instability due to ocean subsidence and 
vertical uplift of mountain ranges. In a curious and, I think, 
unnecessary departure from the Principle of Uniformity, he 
states, "The formation of mountain systems must have involved 
earthquakes of a frequency and extent beyond anything we now know". 
This question is discussed further in section F 2. 
Bullen (1959) concluded that earthquakes were due to "fairly 
sudden release of energy within some confined region of the Earth", 
The energy, he declared, could be gravitational potential energy, 
kinetic energy, chemical energy, or elastic strain energy. He goes 
on to say, "A variety of evidence indicates that, of the four types 
of energy listed above, only elastic strain energy could be 
released in sufficient quantity to cause the Earth's major 
earthquakes. Earthquakes caused by the release of elastic strain 
energy are called tectonic earthquakes". He quotes Gutenberg and 
Richter (1949c) on the correlation between intermediate focus 
earthquakes and surface volcanism, "that there is probably no 
immediate causal connection between these earthquakes and the volcanic 
Footnote: Compare Heck's statement (1936) that "ultimate 
earthquake cause. ... lies in the production of stress differences 
in adjacent regions". 
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activity, both being "very likely due to the same remote orogenic 
processes.* Eiby (1967) expressed the same thought when he wrote, 
"volcanoes and earthquakes are different results of the geological 
structure of (a) country". 
An enormous amount of recent literature has dealt with various 
theoretical aspects of the problem of the relationships between 
volcanism, earthquakes and tectonics; much of it is petrological. 
Among the most important contributions are those by Kuno (1959, 
1964 0 1966) and Kushiro and Kuno (1963), in which the idea is put 
forward that Japanese basalt magmas are produced by sudden release 
of stress attending the generation of intermediate to deep focus 
earthquakes, whereas beneath Hawaii, where there is a greater heat 
energy supply for melting the mantle peridotite than in Japan, 
they are produced by heat transfer due to mantle convection. In 
general Kuno believed magma to be produced by melting or partial 
melting at depths of 50 to 300 km as a result of the excessive 
supply of heat as compared with other levels. He believed that the 
resulting volume increase produced a strain on higher levels of 
the crust and mantle and when this exceeded a certain limit 
an earthquake occurred, accompanied by magma intrusion. 
*Footnotc: In thc l95' cdition, reprinted In 1965, Gutenberg and 
Richter phrased this rather differently. They wrote, "The occurrence 
of earthquakes at depths of 100-150 kilometres under active 
volcanoes suggests a common cause, but hardly a direct relation of 
cause and effect. Probably a single system of stresses is 
responsible for both shocks and eruptions". 
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Kushiro and Kuno (1963) and Kuno (1966 , and in much unpublished 
work), correlated different kinds, of basalt with different depths 
of magma generation, and related this picture directly to 
seismicity and tectonics in island arc ereas (see discussion in 
section F 2). A valuable summary and reference list on genesis 
of volcanic rocks and processes in the upper mantle is given by 
Ririgwood (1969). The idea of rapidly running phase changes as a 
mechanism of earthquake generation has been explored by Evison 
(1963 1, 1966) 1, Adams (1963) 0 and Randall (1964 a,b, 1966). 
Experimental work on the mechanism of magma generation and 
mode of ascent into the crust has been carried out by Ramberg. In 
1963 he drew attention to the importance of the lithostatic 
effect on the buoyancy of low density rocks and declared his 
belief that most fundamental magma chambers were at a depth of about 
50 km. In 1964 he elaborated this theory and produced a model for 
convection in a heterogeneous mix of solids and melts. The Stress 
Release hypothesis of mantle melting was studied by Uffen and 
Jessop (1963) 9 and by Tremlett (1965) 0 and was applied by Pakiser, 
Kane and Jackson (1964) to stress reduction associated with faulting 
in order to explain volcanism in California. Earthquake mechanism 
in the presence of liquid magma was discussed by Robson, Barr and 
Luna (1968). 
Direct studies of the actual relationship between observed 
seismicity and volcanism have been few. Goryachev (1962 a, b) and 
Sviatlovsky (1962) studied the spatial relationships in Kamchatka 
and the Kurile Islands and concluded that there was negative 
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correlation in detail between earthquakes and volcanoes. Taylor 
(1955 b, 1958 a, 1960) drew attention to the broad correlation 
between large volcanic eruptions and conditions of abnormal crustal 
stress, particularly in the Caribbean region in the period 1897 - 
1903 0 in Indonesia and the south-west Pacific in the 1880's, and 
in New Guinea and the New Hebrides in 1950-1951. Furthermore he 
drew important conclusions regarding tidal effects on the timing 
of volcanic eruptions. This work embodied much that had been 
previously suggested by Perret (1937, 1939 9 1950) and MacGregor 
(1938 9 1949) in the Caribbean, and by Fisher (1939, 1944) in New 
Guinea. It did, however, represent a bold piece of thinking on 
the cause and effect relationship between seismicity and volcanism, 
and is certainly destined to make a lasting impact on volcanology. 
Reynolds in collaboration with Taylor in unpublished work (1955, 
1956, 1957) documented events in New Guinea in the light of this 
hypothesis. Filipas (1965) applied similar ideas to earthquakes 
in the Kurile - Kamchatka region of the U.S.S.R., and Hachado (1960) 9 
working independently, applied the same thinking to earthquakes and 
volcanic events in the Azores. Koyanagi(l96k) and Moore and Krivoy 
(1964) have noted a connection between Heing earthquake foci 
beneath Hawaii and later volcanic eruptions. 
The idea that earthquakes in certain parts of the world 
characteristically follow those in other parts in a more or less 
recognizable pattern is an old one, see Turner (1924), Yamaguti 
(1932, 1933) and Whipple (1934). In recent years it has been the 
subject of much interest. Hiller (1958) developed the idea and 
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applied it to 1955-56 Circum-Pacific seismicity, The hypothesis 
is further discussed in some detail in section G2.2, Gurevich, 
Nersesov and Kuznetsov (1960) examined the repetitiveness of 
earthquakes at a single focus on the basis of quantitative concepts 
of the process of crushing solid rock. K'eylis-Borok and Nalinovskaya 
(196 14) attempted to analyse the process of preparation for a large 
earthquake by considering the set of preceding weaker shocks over 
a wider area. Lomnitz (1964) sought to derive the energy 
distribution of an earthquake series due to any stress distribution 
in the 	crust and upper mantle by assuming a simple 
stochastic model, and from the distribution furicticn of the time 
intervals, computed interoccurrence times between earthquakes. 
The search for periodicities in earthquakes in terms of lunar 
and solar tides and other extra-terrestrial phenomena has been 
the object of much research, most of it somewhat inconclusive. I 
have deliberately excluded this subject from detailed consideration 
in the course of my present work, since it is far too complex a 
problem for any but the most thorough and painstaking analysis. 
Insofar, however, as tidal periodicities have been considered as 
a trigger mechanism for both earthquakes and eruptions, beside the 
references to Perrey already quoted, the following works may be 
noted: Knott (1897) 0 Imanura (19014), Omori (19014), Turner (19214), 
Yamaguti (1930), Davison (19314), Inouye (1937), Kirkpatrick (1938, 
McMurray (19141) 9 Kishinouye (19148 a, b, 1950) 0 Perrine (19149), 
Tanrazyan (1958), Dix (1964) 0 Knopoff (1964 a, b), Moore (1964), 
and Berg (1966). Takayama and Suzuki (1930) and Sytinskiy (1963 a, 
b, 1964) have correlated seismicity with variations in solar 
activity (sunspot number). 
2].. 
The search for direct cause and effect between earthquakes 
and volcanic eruptions was taken up after the 1960 eruption of 
Lopevi volcano in the New Hebrides by Blot. In 1964 he published 
the first of a series of articles linking deep focus earthquakes 
with subsequent shallower ones and with volcanic eruptions. In 
this and later reports he developed his hypothesis by a study of 
events throughout the south-west Pacific, Japan, the Philippine 
Islands and Indonesia: much of his work is controversial and has 
stimulated great interest. Grover, who collaborated with him 
since 1966, extended his hypothesis to account for large shallow 
earthquakes by assuming convergence effects of several deep and 
intermediate focus earthquakes (see Blot and Grover, 1966, and 
Grover, 1967). 
Other workers have been cautious about using the results of 
Blot and Grover, although a number of attempts have been made to 
link intermediate focus earthquakes with subsequent volcanic 
eruptions in very limited areas.* Thus Tokarev (1965) studied the 
tectonic earthquakes in the area of Bezymianny and Xliuchevskoi 
volcanoes in Kamchatka, and postulated that they were related to 
movement of magma in the crust, and hence to later eruptions. Gorai, 
Yagi and Katsui (1965) in a study of aeismicity and volcanism in 
Japan noted an intimate relationship between production of magmas 
and the occurrence of earthquakes at various depths. However, 
although they noted that earthquakes in the upper mantle commonly 
preceded eruptions they did not derive any patterns or sequences 
*Footnote: 	See Koyanagi (1964) and Moore and Krivoy (196) 9 as 
already mentioned. 
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linking seismic and VOlCanic events. This is essentially an 
elaboration of Kuno and Kushiro's work. Many others have 
published detailed studies of seismicity in volcanic regions 
(as for example Ward and Matumoto (1967) in the Katmai area of 
Alaska), but, although spatial relationships between the 
earthquakes and the volcanic vents have often been treated in 
detail, temporal relationships have generally been neglected. 
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A3 AIMS OF THE PRESENT WORK AND METHODS EMPLOYED 
Summary 
The aims of the work and the methods employed are described. 
The methods comprise 1) Data collection and the accumulation of a 
large punched card file, 2) Manual summation of energy release in 
earthquakes and eruptions, 3) Computation by means of two computer 
programmes and 1) Visual analysis and the search for various kinds 
of correlation. 
A3.1 •INTRODUTION AND AIMftcF.THE. WRK 
This study takes as its point of departure the hypothesis put 
forward by Blot (1964) that a causal connection exists between deep 
earthquakes, subsequent shallower ones and volcanic eruptions. 
Using this hypothesis., it was hoped, a clear relationship would 
emerge along the lines suggested by Blot while, in the process, 
other ideas would be extensively explored. 
In order to escape as far as possible from the charge of 
selecting data I have attempted to explore seismicity and volcanism 
on a world wide scale, and touse all events in considering possible 
causative sequences in a particular area. Although some emphasis has 
been placed on the south-west Pacific region in general, and on 
Melanesia in particular, I have sought to obtain the global picture 
and to study every region of active volcanism, and every zone of 
deep and intermediate focus seismicity in sufficient detail to set 
the whole in perspective. 
*Footno .te:... No listings of the actual programmes used are appended, 
since the system is now obsolete. 
MFC.J.Fyfe and not by myself. 
Furthermore they were written by 
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while correlations In time between seismicity and phenomena 
other than volcanism have been deliberately neglected, I have set 
out to demonstrate fluctuations with time in the magnitude of 
seismic and volcanic energy release. It has been my particular 
intention to define the geographical extent of these fluctuations, 
and to show that certain areas, large and small, characteristically 
respond in unison to the tectonic stresses which represent the 
immediate cause of world wide seismic and volcanic activity. This, 
it seems to me, is of fundamental importance in the search for an 
explanation of these phenomena. 
From the outset I have not attempted to define classes of 
events too rigidly. To have done so would have meant a far more 
thorough analysis of earthquake mechanisms than would have been 
possible in the space of a few years, if indeed such an analysis 
for the great majority of comparatively low magnitude events is 
feasible at all. This, like the analysis of periodicities and 
tidal correlations with seismicity, which falls outside the scope 
of this thesis, forms part of the great vista of country, perhaps 
ultimately of most significance and still to be thoroughly explored, 
which can be glimpsed from the furthest point that it has been my 
intention to reach, namely an effective coverage of the spatial 
and temporal relationships between seicmicity and volcanism. 
A3.2 METHODS EMPLOYED: INTFODUCTION 
1 
The search for cause and effect and the demonstration of 
significant correlations between two groups of events, in the 
presence of high background 'noiBe', is a statistical problem which 
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in its simplest form would be solved by time-series analysis. 
However, the interdependence of a large number of classes of 
earthquakes and volcanic eruptions, themselves due to an unknown 
number of causes, both immediate and more remote, is too complex 
a problem to yield to ordinary methods of analysis. 
The method employed in the present study subdivides broadly 
under four headings, data collection, summation of energy, 
computation, and visual analysis. The first has been a laborious 
process of preparation of existing seismic and volcanic data in a 
form suitable for input to a digital computer; it has also included 
the collection of original data by operation of a network in 
southern Italy. The second has been concerned with deriving an 
accurate picture of the variations in seismicity and volcanism on a 
world wide scale and during the present century. The third, without 
entering deeply into complex statistics, has entailed the exploration 
of the time and space relationships between earthquakes and volcanic 
activity, and the fourth has been concerned with synthesis and 
discussion of results by visual analysis. 
In greater detail these four divisions of the method employed 
comprise the following items:- 
A3.3 DATA COLLECTION 
a) Accumulation of seisnic and volean5cdata on punched cards. 
Some 130 0 000 determinations of earthquake hypocentres by many 
Agencies and investigators in the period 1897-1960 have been 
coded and placed in fixed format on 80-column IBM punched cards. 
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Data on volcanic eruptions, totalling some 1 9 000 cards, and 
on events falling somewhat short of eruption have been assembled 
for the whole period covered by historical records and punched 
in a format closely comparable to that used for earthquakes. 
The sources and exact extent of this data file are described in 
section AL. 
b) Seismo-volcanic data from southern Italy. Earthquake 
hypocentres were determined for as many events as possible, and 
seismo-volcanic processes studied in detail during a month's 
continuous seismic recording in the Aeolian Islands, north of 
Sicily. This work extends the picture of seismicity well below the 
level to which conventional seismographs can operate and 
illustrates the development of seismo-volcanic processes in a 
restricted area. 
A3.4 MANUAL SUMMATION OF ENERGY RELEASE 
An extensive effort has been made to describe world wide 
seismicity and volcanism in precise quantitative terms. Magnitudes 
as given on the earthquake hypocentre cards have been converted to 
energy release (see discussion on the formulae used in section Bl) 
and energy figures have been allotted to volcanic eruptions wherever 
possible. Energy release in both earthquakes and eruptions has been 
summed in yearly periods and in arbitrarily defined tectonic regions. 
For earthquake energy release a separate calculation has been made 
for shallow, intermediate and deep focus events. 
This work puts the study of seismicity on a somewhat firmer 
4- 	 S 
quantitative footing than hitherto. Reasonably accurate figures, 
it is thought, for energy release in different depth zones and 
tectonic regions permit detailed comparisons of relative activit.y 
of both soismicity and volcanism in space and time. The data 
obtained are summarised in Table I. and are discussed further in 
sections Bl to B6. 
A3.5 COMPUTATION: COMPUTER PROGRAMMES USED. 
The seismic and volcanic data in the punched card data file 
have been merged manually and the whole file used as input for the 
following two programmes written by Mr C J.Fyfe for the Edinburgh 
KDF 9 computer:-. 
a) 'Volcano Search' programme. The characteristics and 
geographical locations of approximately 1100 active or 
potentially active volcanic centres throughout the world have 
been stored on magnetic tape. The 'Volcano Search' programme 
searches the main data file for earthquakes within a fixed 
epicentral distance of each of these centres. It lists the 
results in time sequence with the usual focal parameters* 
and epicentral and hypocentral distances to the volcano, and 
also plots the events on a map, coded with respect to depth of 
focus. A picture is thus obtained of the seismic regime in 
space and time about each potentially active volcanic centre. 
An example of the output in map form is shown in Figure 1. 
The search distance has been arbitrarily fixed at 100 km which 
Footnote: The date of origin only is given, not the origin time. 
28. 
EARTHQUAKES CODED WITH. RESPECT TO DEPTH 
OF FOCUS, WITHIN 100 KM EPICENTRAL DISTANCE 
OF IJA VOLCANO,. FLORES,. INDONESIA: EXAMPLE OF 
"VOLCANO - SEARCH" PROGRAMME. 
N. 
CD • • . 
A. E 
B 	B 
• 	A., 	 •.: 	A 
	
AA 	 G 	 D 	H 	 A 
A 	G 	A 
w 	i 	i 	i 	i i 	i i 	i 	i i 	i 	i • 	i 	i 	I 	I 	I I 	I 	I 	I 	I 	I I 	E 
VOLCANO PLOTTED AT 
A 	S 	 •. CENTRE OF PROJECTION 
C.  
4. 	 1—.51(M BETWEEN 
• 	 . 	DIViSIONS 	 / 
• 	/.. 	,.. 
• 	 0 	 •. 
S 
NAME AND COORDINATES OF VOLCANO • - .__JA/ECEH A 	 -8.9LAT 121.6LONG 	S 
L 1 Example of output/of 	 programme in map 
form: an explanation of the letter code used to define 
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an . on Figure 6. 	. 	 S 
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is considered great enough to include all significant shallow 
and intermediate focus events except the most poorly located 
in the early part of this century. 
b) 'Cone Search' programme. Using the merged data file as 
input, the 	 programme selects earthquakes of 
focal depth greater than or equal to 350 kin, which following 
Blot (1964) are taken as 'source earthquakes'. Subsequent 
shallower earthquakes occurring up to 1 9 500 days after the 
'source earthquake' and within some arbitrary hypocentral 
distance* of it are then selected. These are termed 
'secondary earthquakes'. The arbitrary hypocentral distance 
is varied from 250 to 1,000 km depending on the dimensions of 
the seismic structure under review. Earthquakes at shallower 
depth than 100 km are excluded from the category of 'secondary 
earthquakes'. This is in accordance with Blot's hypothesis 
that intermediate focus earthquakes rather than shallow ones 
are significant. 
Cones are then set up with axes defined by the lines 
linking a 'source' to each of its 	 with variable 
angular widths of 2 to 10 degrees about each axis. Finally 
the programme searches for shallower events within each cone, 
in the same time-window of 1,500 days after the 'source 
earthquake'. These events may be intermediate or shallow-focus 
earthquakes, or they may be volcanic events, eruptions, marked 
*Footnote: Hypocentral distance is the true distance within the Earth. 
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increases in temperature at volcanoes, or swarms of volcanic 
tremors. Figure 2 illustrates the concepts involved and the 
mode of operation of the progrwzune. 
Results are plotted by sequence, as defined by a single 
cone, both in cross-section and map form, and are listed in 
time sequence with the usual focal parameters, as in the 
'volcano search' programmer, together with epicentral and 
hypocentraldistance from the 'oource', time interval ) and 
'velocity' (hypocentral distance divided by time interval) in 
kilometres per day. For examples of output see figures 9-13 
and discussion in section C2. 
A simpler variant of the 'cone search' programme has 
been used which dispenses with the 'secondary earthquakes' and 
plots all shallower events, in the same time-window, within an 
arbitrary hypocentral distance of the 'source',. The effect 
of this is to give an overall picture of the development of 
events within a cone of ver±ical axis, the dimensions of which 
are again tailored to fit the particular seismic zone in 
question, (see figures 9-11). This method, although the least 
selective of all those tried, has been found to be the most 
useful for a broad evaluation of an area in space and time. 
This is not a real velocity, but is useful in 
classifying eveits, and has been used by Blot (1964, 1965 ab,e) 
and by Blot and Grover (1966, 1967). 
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Fig. 2 	Diagram illustrating the mode of operation of the 'cone search' programme. 
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If present, sequences that appear significant can be rapidly 
detected by this method, and these can then be studied in 
greater detail by the 'secondary oarthquake' variant of the 
programme, using cones of 2 to 10 degrees about each axis. 
A3.6 VISUAL ANALYSIS 
a) Identification of sip:nificant events. Events, both seismic 
and volcanic, which appear most likely to have been significant 
in terms of cause and effect, have been detected by careful 
scrutiny of the output of the 	 search and 'cone eoarch 
programmes, and by examination of listings of the merged 
seismo-voleanic data file, sorted into time sequence by region 
number. The overall significance of correlations is the 
subject of detailed discussion in ctions C and E. 
Apparently significant events have been further studied 
with a view to detexnining whether they could be usefully 
recomputed at the present stage, and whether they have been 
sufficiently well-observed to allow a reliable solution of 
their focal mechanisms to be attempted.. 
b) Identification of seismo-tectonjc and sejmo-volcanic units. 
A preliminary attempt has been made to identify the degree with 
which areas of different size respond together in a seimo-
volcanic sense. Correlations are sought between peaks of 
seismic and volcanic energy release, summed together for periods 
of a year, over areas of first, second and third order of 
tectonic importance. See discussion in section F2. 
Footnote: Region numbers are those defined by Flinn and Engdahl (1965). 
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Determination of. 'normal' ecismo-volcanic background s usg 
original data collected in Sicily. Over a period of one month 
every detectable event - recorded on more than a single etation of 
the Sicilian network was analysed in detail and located as 
accurately as possible. Thus the 'normal' patternof antivity, 
is defined by events during that partieular month, was 
delinoated. Subsequent variations in the pattern were sought 
over sample intervals during later periods of recording, and 
the relationship between very shallow seismo-volcanicity and 
deeper seismic activity was explored in as much detail as 
possible. 
Study of progreesion of s&smic and vglcanic activity. 
A preliminary step towards the attempt to detect sequences 
of events of a different kind to those postulated by Blot 
has been carried out.by summing annual seismic energy release 
for coherent tectonic regions (see-Appendix I), The idea that 
progression of events from one locality to another may take 
place with a pattern which can be repeated many times is one 
that appears justified in many parts of the world, although 
it is extremely hard to define such a pattern in simple terms. 
Much more work, howevcr, of a complex statistical kind, requires 
to be done before any definite conclusions can be drawn as 
to the reality or otherwise of this phenomenon. 
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A4 MATERIALS USED 
The punched card data file consists of earthquake hypocentre 
determinations by many Agencies and investigators covering the 
period 1897-1968, and data on volcanic events over a much wider 
time span, essentially the whole period of historical time (which, 
of course, varies widely in different regions). Although it is far 
from complete, it does, I think, represent the largest compilation 
of its kind so far assembled anywhere in the world. 
A3.1 SEISMIC DATA 
Extent of dala 1n.çororgted intofi1e 
(dates are inclusive unless 
otherwise mentioned) 
Diida (1965), (cards in file marked 
by prefix SJD) including data from 
Gutenberg (1956), Gutenberg and 	 1897 - 1964 
iUchter (1954) aud Richter (1958): 
data punched up. 
Gutenberand Richter (1954), 
(prefix GUT or C and 2 blanks): 	 1904 - 1952 
data punched up. 
Irternati,nal. Seim1.qgjca1 Summary 
(prefix ISS): (Index Catalogue of 
Epicontres, see under Bellamy, and 
I,S.S., with depths added by myself 	1913 - 1949 
from the bulletin of the I.S.S.): 
data punched up. 
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International Seismological SummaEj  
(prefix ISS): from magnetic tape No. 953 	1950 - 1959 
supplied by U.S. Coast and Geodetic Survey. 
International Sesno1ogjca. .may 
(prefix ISS): from punched cards supplied 	1960 - 1963 
by I.S.S.. 
f)Sykes (1963 9 1964, 1966, 1966), Sykes and 
Ewing (1965) 0 psadLazdism 	(1964) 
(prefix LAN); from punched cards supplied 	1920 - 1966 
by Lamont Geological Ob3ervatory. 
United States Coast. an&Godetic $urve 
(prefix CGS), (Final determinations of 	 1926 - 1966 and 
epicentre): from magnetic tapes No. 953 	July 1968 - 
December 1968 
and No. 954  and punched cards supp3ied. 
United States Coast and Geodetic Survey 
(prefix PDE, or 8 blank columns) 
(Preliminary determinations of epicentre): 	1950 - 1960 and 
from magnetic tapes No. 953 and Ho. 954, 	July 1961 - 
December 1968 
and from punched cards supplied, 
36. 
i) Bureau Central International de Ssmo1ogie 
(prefix STR) and other Agencies (see note 
be].ow)* quoted by B C.I.S. in Monthly 	 January 1950 - 
Bulletins: Data from magnetic tape 	
June 1963 
Mo. 953 supplied by U.S. Coast and 
Geodetic Survey. 
*Footnote:_ In addition to those Agencies given by the International 
Seismological Centre on pp. vii-viii of the Regional Catalogue of 
Earthquakes, determinations by the following stations and Agencies 
are quoted from B.C.I.S. Monthly Bulletins:- ALl (Alicante), 
ALM (Almeria), ATh (Athens), BC? (Preliminary determinations of 
epicentre by Strasbourg), CHR (Christchurch), CIT (California 
Institute of Technology), CNH (Changchun), CRT (Cartuja), EBM 
(Esen Bou].ak), FDF (Fort de France), HRB (Hurbanovo), HYD (Hyderabad)., 
1ST (Istanbul), JSA (Jesuit Seismological Association, St. Louis), 
LPZ (La Paz), LVV (Lvov), LWI (Lwiro), MAL (Malaga), NAN (Nanking), 
OBM (Oulan Bator), PAV (Pavia), PEI( (Peking), PMG (Port Moresby), 
P00 (Poona), PRA (Praha), PRE (Pretoria), RAE (Rabaul), SHI (Shiraz), 
sPC (Ska].nate-pleso), TEB (Tehran), TOL (Toledo), TRI and TRS 
(Trieste), TUA (Tuai), URS (Soviet Arctic Institute, Moscow), 
USE (United States Earthquakes), MRS (Warsak), and XXX (Author not 
specified). 
37. 
j) International Sciscr1cal Centre 
(prefix ISC), Regional Catalogue of 
Earthquakes, including determinations by 	January 1964 
all Agencies, except U.S. Coast and Geodetic 	
June 1965 
Survey, listed on pages vii-viii of the 
Regional Catalogue: from punched cards supplied. 
In addition there are a small number of hypocentre determinations 
by O'Connell (1946) 9 identified in the file by the prefix RIV 
(Riverview Seismological Observatory, New South Wales), and by myself 
(see Latter, 1968), under the prefix IGS (Institute of Geological 
Sciences). 
A4.2 VOLCANIC 1'MP dLi& £* 
Volcanic data have been punched up onto cards from the following 
sources: — 
a) Catalogue of the Active Volcanoes of the World (edited by the 
International Volcanological Association). Except for data for 
Alaska and the Aleutian Islands, New Zealand, and Iceland, which 
are not covered by this series, the Cata1ogue has been the 
principal source of volcanic data in the file. 
Footnote:- Detailed references to sections of it are as follows:-
Van Padang (1951, 1953 0  163), Van Padang, Richards, Machado, Bravo, 
Baker and Le Maitre (1967) 0 MacDonald (1955), Richard and Van 
Padang (1957) 2 Richard (1962), Gaze (1957) 9 Eisher (1957), Mooser, 
Meyer-Abich and )2cBirney (1958), Gor'shkov (1958) 9 Vlodavetz and 
Plip (1959), Coombe and Howard (1960), Berninghausen and Van Padang 
(1960), I(uno (1962), Georgalas (1962) 9 Richards (1962), Caertano 
(1963), Blumenthal, Van der Kaaden and Vlodavetz (1964), Gansser (1966), 
Imbo (1965), Hantke and Parodi (1966) and Robson and Tomblin (1966), 
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Bullet&n of Voleaic Erut1or.s (edited by the Volcanological 
Society of Japan), oe 1-7, 1961-1967, This series eontan 
much detailed inforiation about worldwide volcanic eruptions, 
most of which has been punched onto cards and included in the 
file. 
Smithsonian Institution, Center for Short-Lived-Phenomena, 
Event Reporrs Nose 1-773, 1967-1969. These reports are 
exceptionally detailed and give prompt and firet rate infornation 
aiout developing activity: all relevant information from them is 
included in the file. 
Gutenberg and Richter (1954). The Catalogue of Volcanoes on 
pp. 289303 has been incorporated in the file. 
Tasieff (1952). This work contains a list of active volcanoes, 
which has been incorporated in t'dhe f1e. 
Coats (1950) and Ward and Matumoto (1967) were the sources for 
most of the data about Alaska and the Aleutian Islands which is 
contained in the file,. 
Thoroddsen (1882, 1897), Reck (1910), Barth (1950) 5 Einarsson 
(1950) BerninghaUsen (19 64), and.Thorarison (1367 a,b) were 
the courcea for the Icelandic, data in the file. 
Additional information on volcanic activity in the Mew Hebrides, 
$ismarck and 	omon I1ands and in Now Guinea, beyond that 
published by Fisher (1957), has come from the following sources:- 
New 1ebrides;- Williams and Curtis (1964), Blot and Taieff 
(1961) 0  Blot (1962 unpublished, and 1964). Blot and Grover 
(1966) 0 Warden (1965, 1966 9 1967 a, b, c, 1968); 
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Solomon I1.rd:-' Crovor (1955, 1957, 1967) 6 Grover ct al. 
(1958 0 1960 0 105), Thzicff (1963); 
New Guinea, Bismax1c Is1ards an&Bouainvi11e: - Fisher 
(1939 a,b), Reynolds (1955 10 1956, 1957), Reynolds and Best 
(1957), Taylor (1955 a, b, 1958 a, b, 1960), Taylor, Best and 
Reynolds (1957) 2 Studt (1961), Wiebenga and Polak (1962), 
Latter (1966), Branch (1965, 167) 0 Blake and Miezitis (1967) 0  
and unpublished reports of the Vulcanological Observatory, 
Rabaul. 
For the information on volcanic districts in Now Zealand I relied 
heavily on pArsonal communications from Mr GILT. Clacy, and data 
from Cotton (1944) is also included: Similarly, much data on 
East Africa is due to Dr P,A.. Nohr and to Dr D.S. Sutherland. 
Geophysical AJtracts and a number of Bullet ins and Journals have 
been scanned for reports of particular eruptions, and references 
to these are generally.given in the file; lastly, a large number 
of reports come from magazine and newspaper articles and a lesser 
number from broadcast news bulletins: these are acknowledged also 
by quoting a reference in the file. 
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B. DESCRIPTION OF WORLDWIDE SEISMICITY AND VOLCANISM 
"There are no calculations more doubtful than those of the 
geologist." 
Hugh Miller, chapter II, p. 51, 
'The Old Red Sandstone', 181: 
(Everyman's Library, No. 103, 
J.M. Dent & Sons Ltd., 1906) 
tel l 
B]. WORLDWIDE PATTERN OF SEIS1ICITY IN SPACE 
Summary 
The global pattern of seismicity in terms of energy release 
is outlined. Energy equations are discussed and the summation of 
seismic energy release in three overall depth zones over 32 tectonic 
regions is described. Some quantitative estimates of relative 
activity are made and some conclusions drawn about the relationships 
between seismiclty and global tectonics. 
B]..]. INTRODUCTION 
The principal features of global seismicity are well known, 
the definitive work on the subject being that by Gutenberg and 
Richter (1954): this covers the period 1904 to 1952. Earlier years, 
back to 1897, have been chronicled, at least for the larger shallow 
focus earthquakes, by Gutenberg (1956), so that the records are 
pr'obably reasonably complete for the most significant shallow 
earthquakes for the period 1897 - 1904, and after 1905* all earthquakes 
of individual energy release greater than about 1023 erge (magnitude 
M = about 7) are almost certainly included. Many additional 
magnitude figures have been derived for the period up to 1918 by Duda 
(1965), and magnitudes and epicentrea calculated for several specific 
regions by Syke8 and his colleagues at Lamont in a long serièsof 
papers (see footnote**). 
Footnotes:- * See Gutenberg and Richter (1954), page 17 
** Sykes (1963 0 1964 9 1966 s 1966) 
Sykes and Ewing (1965), Sykes and Landisman (1964) 
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Bi. 2 THE WORX QF CUTENJ C. 1J) RICHTER 
Gutenberg and Richter (1954 9 page 22) concluded that about 
75% of all shallow and 89% of all intermediate seismic energy 
release over the period 1904 - 1945 occurred in the Circuin-Pacific 
belt, equivalent figures for the Transasiatic or Alpine belt 
being about 23% and 11%. The exact junction of the two belts is 
defined as the minor gap in seismicity between the Andaman Islands 
and the Arakan Peninsula of Burma. In order to 'place these figures 
on a aomewhat firmer footing, both by including earthquakes over 
the whole period for which data, albeit incoiuplete,are available, 
and by using a later form of the equation to convert magnitude to 
energy, I have carried out a fresh summation of available energy 
figures as already mentioned in section A3. The results are 
summarised in Table 1, which alsoshows estimated energy release 
by volcanic eruptions (see discussion in section 82). A somewhat 
different definition of the Circum-Pacific belt from that of 
Gutenberg and Richter is used in which the boundary btweon it and 
the Alpine belt falls between Celebes and the Philippine Islands. 
B1.3 ENERGY FORMULAE 
Energy has been calculated from magni±ude using the following 
equations given by Richter (1958) (nunthers (9) and (10) on pages 
365 and 366):- 
log E a 5.8 + 2.4m 
log E = 11. 14 + 1.5M 
	
(2) 
where log E Is the logarithm of energy in erge to the bace 10, m i 
unified or body-wave magnitude, and M is surface-wave, teleseismic, 
or so-called Richter magnitude. 
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These equations differ from those ucd to compute energy by 
Gutenberg and Richter (195). In this work the basic formula 
usod was 
log E = 12 + 1.814 
	
(3) 
which as the Authors themselves pointed out seems to give excessive 
energy for the largest earthquakes. With the possible exception of 
the Lisbon earthquake of 1755 0 Gutenberg and Richter (1964, page 19) 
were inclined to assign no earthquake a magnitude greater than 
N = 8.6. Later revision (see Richter (1958), pp. 350-352) in the 
course of setting up the unified magnitude scale upgraded a number 
of these to between 8.7 and 8.9. On the basis of equation (2) 
magnitude N = 0.6 gives a figure for radiated energy of 2.0 x 10214 
erge: equation (3) 9 however, gives 2.5 x 1027  ergs, or more than 
1000 times the first figure. 
B1.4 THE MAXIMUM ENERGY OF AN E/RTHQUAKE 
Tsuboi (19140) calculated the maximum energy of an earthquake, 
on the basis of the ultimate strength of rock, as 5.6 x 10 
214 ergs6 
Later (1965), from a study of the magnitude-frequency relationship 
for earthquakes in Japan between 1885 and 1963, he reduced this 
figure to 2.5 x 10214 ergs. This is closely comparable to the energy 
derived for a magnitude 8.6 earthquake by using equation (2). 
Duda (1965) has used Bath's (1958) equation for conversion of 
magnitude to energy, 
log E = 12.214 + 1.41414 	 (4) 
which, for an earthquake of magnitude 8.6 gives about 14.3 x 10214  erga. 
Following Gutenberg's revision of large magnitude earthquakes, Duda 
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has also attributed magnitude figures as large as 8.9 to some 
earthquakes, indicating an energy release of 1.1 x 10 25  ergs using 
equation (4) or 5.6 x 1024  erge using equation (2). 
In compiling the data which is summarised in Table 1, 
I have adopted the revise4 figures for the magnitude of the largest 
earthquakes, although these seem too large in the light of Tsuboi's 
revised estimate of the maximum energy of an earthquake (they agree 
exactly with his earlier estimate in 1940). The uncertainties 
attached to the magnitude scale are in any case such that the 
figures given in Table 1 can only be considered approximate, 
although it 18 expected that they are sufficiently accurate to define 
the principal features of global seismicity. 
B1.5 METHODS EMPLOYED IN THE PRESENT STUDY: CLASSIFICATION 
The method adopted has been as follows: - using equations (1) 
and (2) energies have been determined for all earthquakes of given 
magnitude* greater than or equal to rn = 5.5, which is the same as 
M = 5.1 6 for which energy approximately = 1 x 1019  ergs. The period. 
adopted has been the instrumental period of seismology, taken as 
beginning in 1897 and for convenience ending with 1968. 32 tectonic 
regions have been established which are broadly coherent from a 
tectonic point of view, although they are of widely different sizes: 
their boundaries coincide for convenience with those established by 
Flinn and Engdahl (1965) for geographical regions, although in many 
cases individual geographical regions are grouped together quite 
differently to their arrangement by Flinn and Engdahi, an arrangement 
which closely followed the seismic regions set up by Gutenberg and 
*Footnote : - Earthquakes without reported magnitude figures have been 
neglected. 
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Richter (1954). In order to escape as far as possible from 
inaccuracies of location for the curlier shocks, the tectonic regions 
defined are large. Energy is summed for three depth zones: 
1. Shallow: comprising intra-crustal earthquakes and those 
occurring close under the Mohorovicic discontinuity; this is 
taken to include all earthquakes of focal depth 40 km or less, 
and also includes the statistically awkward group of 
determinations for which no focal depth has been derived 
(although the majority of these were probably shallow, there 
is no doubt that a considerable number were in fact intermediate). 
2, 	ermediate:' of focal depth between 41 and 3139  km, or 
the great majority of mantle earthquakes. 
3. Dep thol3e at focal depths of 350 km or greater. 
There is room for dispute about where to draw the boundaries 
between.depth zones. Gutenberg and Richter (19513) defined shallow 
as 0-60 km in depth, intermediate as 70-300 km (the gap between 
apparently belonging to neither one nor the other), and deep as 
greater than 300 km. Duda's Units were 0-65 km, 66-450 km and 
451-720 km. He stated that "whereas the limit between shallow and 
intermediate earthquakes is of rather formal sIgnificance, the depth 
between 400 and 1375 km, separating intermediate from deep earthquakes, 
possibly also, separates earthquakes with different genesis and 
focal mechanism." 
Hedervari (1964) suggested that the lower limit of shallow 
shocks should be the level of regional isostatic compensation, 
approximately 50 kin, for intermediate chocks "the Byerly discontinuity 
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at 413 kin", and for deep shocks the Repetti discontinuity. A 
pronounced low in the numbers of earthquakes occurs, however, between 
300 and 350 km (Gutenberg and Richter, 1954: Ritsema, 1953) 9 followed 
by a second low, in some regions more pronounced, between 400 and 
450 km. The intervening group of earthquakes, which are generally 
rather few in number, may, as pointed out by Ritsema, be in line 
either with the deeper or shallower earthquakes. In the New 
Hebrides, Solomon and Bismarck Islands, the region in which I began 
my study of deep earthquakes, there is evidence of the former; 
accordingly I have placed the boundary between deep and intermediate 
earthquakes at 350 km. 
With regard to the boundary between shallow and 
intermediate focus earthquakes, the most logical classification 
would seem to be between intracrustal and mantle earthquakes. However 
it is difficult to relate seismicity to a position above or below 
the Mohorovicio discontinuity, both because considerable latitude 
is often present in the depth parameter of a hypocentre determination 
and because of uncertainty as to the depth of the discontinuity, 
which can vary widely, or be absent in disturbed regions. Pending 
classification by the material environment in which an earthquake 
takes place rather than merely by its depth of focus, which undoubtedly 
means different things in different parts of the world, the present 
arrangement, it is suggested, seems the most satisfactory. 
B1.6 CONCLUSIONS REGARDING THE SPATIAL DISTRIBUTION OF EARTHQUAKES 
Certain important facts about global seismology can be 
directly obtained from Table 1, as follows:- 
Ii 7. 
The well known preponderance of energy released in the Circum-
Pacific belt compared with that released elsewhere is given 
fresh quantitative expression. 74% of total seismic energy 
in earthquakes of magnitude m 5.5 over the period 1897-1968 
can be accounted for by the Ciroum-ePacific belt, as defined in 
Table 1. Almost all remaining energy (24% of the total) was 
released in the Alpine-Himalayan belt, with a mere 2% on mid-
ocean ridges and elsewhere. 
The great predominance of shallow seismicity (with about 72% 
of the total energy release) over intermediate (26%) and deep 
(2%) is clearly shown. The difficulty in relating seismicity 
directly to a position above or below the Mohor'ovicic 
discontinuity has already been mentioned. However, it is 
probable that more than half the total seismicity during the 
period under discussion, in terms of magnitude of energy 
release, has occurred inside the crustal layers. 
As well as being predominant, shallow seismicity is seen to 
be particularly widespread. No tectonic region has more than 
about 12% of the total energy released in shallow earthquakes. 
By contrast deep seismicity is much more restricted: more 
than a third of total deep energy release occurs in the 
Fiji-Tonga-Kermadec zone. Intermediate seismicity is less 
widespread than shallow but much more so than deep. One may 
conclude from this that deep focus seismicity is evidently a 
rather special and localised phenomenon. 
4. Many of the zones of greatest shallow energy release are those 
In which the frequency of earthquakes is low, thoo in which 
block faulting is taking place marginal to the major seismic 
bolts, or those in which activity is clowly declining; see 
later discussion in section F2b A good example of this feature 
is the very great but intermittent shallow seismicity of China 
and Mongolia, a region well outside the main locus of 
Alpine-Himalayan orogeny. As Table I illustrates, this region 
has taken fourth place for rnanitude of shallow seismic energy 
release during this century although the frequency of earthquakes 
there is unceubtedly low. 
S. It is probably significant that the porcehtage of energy released 
in mantle earthquakes is lower in the Alpine-Himalayan belt than 
in the Ciroum-Pacific. A relative decrease of 2 in both 
intermediate and deep focus seismicity can be noted from the 
overall summary of Table I. This, with some confidence, can be 
taken as a sign of tectonic decadence (see later discussion in 
section P2). No conclusions should be drawn from the depth-
proportioned figures of energy released on continental shields 
and nargins these are derived from only a few large magnitude 
events and are due to a variety of structures. Similarly 
soimicity in the oceans is due to a totally different tectonic 
regime to that which exists in the Circum-Pacific and Alpinc 
Himalayan belts, 
B1.7 FUTURE HORK ON THE SPATIAL PATTERN OF SEISMICITY 
Discussion of lesser features in global seismicity does not 
permit the sort of simplification used above for the study of first- 
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order structures. Earthquakes below the threshold level of 
magnitude m = 5.5 need to be considered since many of the zones 
of second or third-order importance are characterised by very low 
levels of seismic energy release. Before attempting a comprehensive 
discussion of these lesser features some attempt should be made 
to derive magnitude figures for the large number of earthquakes 
which occurred before the early nineteen-sixties, since for these 
events no magnitudes are normally available. Furthermore 
extensive recomputation of hypocentres would be desirable, for 
example recomputation of the bulk of the International Seismological 
Summary, in order to present a reasonably homogeneous picture in 
detail of world seismicity. 
As a preliminary to such studies, however, and using only 
materials to hand, that is those listed in Section A4, an 
attempt is being made to sum energy release over two degree 
squares for shallow, intermediate and deep earthquakes, and to 
present the results as a series of maps. This work is being 
undertaken by the Author and two of his colleagues in the Seismology 
Unit of the Institute of Geological Sciences. 
Professor J.P. Roth has recently completed a survey of 
worldwide earthquakes in the period 1953-1968 0 after the manner of 
Gutenberg and Richter (1954). Unfortunately this work was published 
too late for use to be made of it s nor have Professor Roth's data 
lists yet been.incorporated in the punched card data file. 
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B2 WORLD WIDE PATTERN OF VOLCANISM IN SPACE 
Sunay 
Quantitative figures for energy release in volcanic eruptions 
are derived for the tectonic regions already defined. They are 
found to give an inadequate picture of global volcanism, being 
dominated by a few very high mdnitude events. The distribution of 
active and recently active volcanic centres, however, allows important 
conclusions to be'drawn which stress the importance of tensional and 
rift zone tectonics in volcanism. 
B2.1 .INTRQDUcTIQN 
Quantitative data about world wide volcanism is less readily 
available than data on seismicity. As much as possible has been 
accumulated in the merged seismo-volcanic file, as described in 
section AL&. $owever,no magnitude figure, comparable to that used 
for earthquakes, has been punched on the cards, and in genaral 
insufficient detailed information exists for magnitude figures to 
be derived with any degree of confidence. 
B2 .2 MAGNITUDE ANP ENERGY OF VOLCANIC ERUPTIONS 
Hedervari (1968) has described a magnitude scale for volcanic 
eruptns which arises out of work by Yokoyna (1956) and Hedervari 
(1963; a). This defines an index known as 'eruptionmagnitude N0 ', 
which is related to released thermal energy Eth,  it is supposed, in 
exactly the same manner as radiated seismic energy E 6 is related to 
seismic surface wave magnitude N: Hedervari gives this relationship 
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as : - 
log E 
S 
: 11.8 + 1.5Mg 	 (5) 
and 
log Eth - 11.8 + 115M 
He finds for eruptions in which mainly solid fragments of 
magmatic materIal are ejected (i.e., pyroclastic material) that the 
relationship between N 5  and the volume V of ejecta (in cubic metres) 
is as follows:- 
N 	).°it \L+ L,95 	 (7) 
1.59 
When erupted material is chiefly lava, the relationship is 




Those results, while undoubtedly only first approximations, 
are soundly based on much careful work by Yokoyama and other Japanese 
authors, and there is no reason to doubt that they give at least 
the right order of energy release. Much more uncertain relationships 
are those between total eruption energy and the thermal energy of 
eruption, and between total seismic energy and the energy radiated 
as earthquake waves. These points are discussed in section B3. 
*Footnote: Note that this equation differs from equation (2) 0 giving 
a figure greater by a quarter of an order of magnitude: it 
represents an older form of the energy/magnitude rolationship for 
earthquakes nevertheless the equivalent equation (6) has been used 
in Table I to compute eruption energies, since the overall 
uncertainties probably exceed a quarter of a magnitude, and it was 
thought better to follow Hedervari precisely rather than seek to 
impov5t his equation in so meaningless a fashion. 
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B243 SUN?ATION OF ERUPTION ENER&Y FOR TECTONIC REGIONS: NAXINUM 
ERUPTION ENERGY 
Approximate figures showing thermal energy of eruptions in the 
same tectonic regions as those set up for discussion of world wide 
seismicity are given in Table I. These figures represent a ' - uch 
more disc!onttnuous liberation of energy than in the case of world 
ceismicity. There does not appear to be a well defined upper 
limit to the 'maximum possible eruption' as there iS to the 'maximum 
possible earthquake', or if there is such a limit, it would appear 
to be about two orders of magnitude greater than the greatest 
release of volcanic energy during this century, the Katntai (Alaska) 
eruption of 1912. 
liedervari (1963, a, and 1968) quotes nine eruptions in which 
thermal energy release exceeded 10 26  ergs, (see Table 2). 
It seems unlikely that any terrestial eruption s at least during 
the past two or threa thousand years, has exceeded the violence of 
the 1015 Tanibora eruption, in which an estimated 150 km 3 of ojecta 
were produced (Verbeek 1889). However, the volume of ignimbrite 
which is estimated to have' been erupted at some time during the 
Quaternary in the North island of New Zealand has been placed at 
about 2000 km 3  (Cotton, 194 page 206). This if erupted in a single 
fissure eruption would indicate an eruption magnitude M of 10.85 and 
a thermal energy of 1.3 x 10 28 , and Cotton states that "the whole of 
this material may have been emitted almost inetantaneou8ly, though 
perhaps from many vents". A similar volume of ignimbrite, of the 
order of 2000 km 3 according to Van Berne1en (1930), was in prehistoric 
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times emitted 9apparently as a nue ardente of the first order 
or (atmaien type in a single eruption", (Cotton, 1844, page 208) 
fron what is now the Lake Toba volcano-tectonic depression in 
northern Sumatra 
For terrestrial eruptions, therefore, it would seem that an 
upper limit to the energy of eruption requires to be placed very 
high, of the order of 100 times the violence of the 1983 !(rakatoa 
or 1912 Katnai eruptions. For lunar events, assing a volcanic 
origin, }iedsrvari (1963, b, and 196) postulates energies as high 
as 1.4 x 1030  erge (for thermal onergy supposed to have been 
released during the formation of the largest lunar crater, Claviuc). 
There, however, different conditions certainly apply, so that it is 
extremely doubtful how far the analogy can be carried. 
B2.4 C0NCLUSIOS REGARDING THE SPATIAL DISTRIBUTION OF PRESENT 
VOLCANISM 
The principal facto concerning the world wide distribution of 
volcanism in teis of energy release which can be derived from 
Tables I and 2 are the fol1owing:- 
1) The inadvisability of making any deductions about average 
volcanic energy release over such a short sample as the period 
171968, in view of the fact that the picture is dominated 
by rare bursts of energy which greatly exceed lnormaV annual 
activity. Thus the clear predominance of Alaska and the 
Aleutian Islands over other regions, with more than a quarter 
of total world wide thermal energy release in this period, i3 
due to the 1912 Katinai eruption which itself contributed about 
9% of the total for that region, 
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2) Table 2 suggests a rather wide distribution for the most 
significant eruptions. Mote that two of these events occurred 
in Iceland. As both Tables land 2 suggest, energy release in 
volcanic events on mid-ocean ridges and fracture zones is 
very much higher, proportionately, than the corresponding 
seismic energy release. The very low proportion of volcanic 
energy released in the Alpine-Himalayan belt between 1897 and 
1968 is wholly misleading. A brief examination of Table 2 
shows that enormous eruptions have taken place in this belt, 
notably that of Tambora in 1815. 
B2.5 CONCLUSIONS REGARDING THE SPATIAL DISTRIBUTION OF PAST VOLCANISM 
Leaving aside, therefore, the extremely short sample afforded by 
the period 1897-1968 one may pass on to the wider view of global 
volcanism which is given by the distribution of active and recently 
active volcanoes over the Earth's surface. 
The list which has been compiled on punched cards and which 
totals nearly 1100 active or potentially active volcanic centres 
throughout the world, includes volcanoes with an historic record of 
eruption which are now extinct, major solfatara and funiarole fields, 
and volcanoes which because of their youthful appearance or the 
presence of thermal areas, may be considered potentially active 
Footnote: The percentages of thermal energy released in the nine 
most significant events listed in Table 2, grouped under tectonic 
belts, are as follows:- Circwn-Pacific 31.3%, Alpine-Himalayan 4413 0  
and Mid.-.Oôeanic 2.4%. 
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although they are not known to have erupted in historic time. 
Sites of mud volcanism are neglected in the following discussion. 
A study of the distribution of these centres gives a much clearer 
picture of global volcanism than any analysis of eruptions within 
the last few hundred years could do. Table 3 illustrates the main 
features of the distribution of these centres. 
From Table 3 it may be noticed that some regions appear to 
show more activity, proportionately to the number of volcanic 
centres that they contain, than others. Table 4 is a list of 
regions in order of apparent volcanic activity showing the 
percentage excess or deficit in numbers of recorded eruptions over 
the expected figure, assuming originally equal potential activity 
at all centres (i.e., the percentage excess in Table 3 of column 
10 over column 11: the reverse is shown as a negative quantity). 
Because Table 4 essentially comaros numbers of active centree 
with numbers of dormant or extinct ones, it is really a table 
showing the degree of present activity in each region compared with 
activity in the recent geological past. 
The figures Viven in Table 4 should be interpreted with caution. 
In particular, those regions in which much submarine volcanism 
occurs require a substantial but unknown negatie correction in 
view of the fact that submarine centres of volcanism are generally 
only identifiable when active. The regions to which this applies 
can be identified by a study of oltmn 4. Table 3. Outstanding 
examples are Fiji-Tonga-Kermadec Is., Caroline-Mariana-Bonin Is., 
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Kyushu-Ryukyu-Taiwan arcs, the central and west Mediterranean, and 
the Atlantic and central Arctic oceans. 
The very low figure for the New Zealand region is partly due 
to the more complete listing of thermal areas there than, for 
example, in Japan or in Central America. However, insofar as these 
thermal areas represent sites of comparatively recent volcanism 
the general picture of a low level of activity is correct. Due to 
variations in the completeness with which the volcanism of each 
region has been catalogued, both by me and by the Authors of the 
Catalogue of Active Volcanoes of the World, as well as to varying 
degrees of uncertainty owing to submarine activity, the standard 
deviations on the figures in Tables 3 and 4 are both large and 
unknown. Nevertheless some conclusions can be drawn, the most 
important of which are the following:- 
Continental shields and margins in general, and Africa 
and Arabia in particular, ãreolearly in a stage of volcanic 
decadence, demonstrated by.a large excess of inactive over 
active centres. Note, however, that even here the picture is 
much oversimplified: there are parts of Africa, such as the 
Danakil Depression in Eritrea, which show evidence of having 
developed new volcanic centres comparatively recently.* 
The oceanic belt, making some allianoe for unknown dormant 
submarine volcanoes, and the Alpine-Himalayan belt, show a 
higher level of aotivity in proportion to tieir total number. 
of volcanIc centres than the Circum-Pacific. 
Footnote:- H. Tazieff, personal communications. 
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3) In spite of the fact that many subüiarine volcanoes there 
nust still be undetected the Atlantic and central Arctic 
oceans have a very high proportion (8.4%) of all world 
centres. This high figure, though not directly comparable 
with those for other regions because of the widely differing 
sizes of regions, nevertheless suggests the importance of 
rift zone tectonics in volcanism. The otill higher figure of 
10.2% for Africa, the Red Sea and Arabia serves to emphasize 
this still further. 
44) There is a general tendency for volcanic activity to be 
most pronounced in the younger tectonic regions. This applies 
both to oceanic and rift environments and to characteristic island 
arcs. Because deep earthquakes are also more frequent in 
younger, developing arc structures, there is here a superficial 
correlation between the two phenomena. 
5) Although not illustrated by the stati8tica in Tables 3 and 
, there is a general tendency for increase of explosive 
activity, due both to increase in acidity of magma and to 
increase in gas pressure, with growing infrequency of eruption. 
Thus, in general, the more effusive eruptions occur in regions 
which have a strong positive coefficient in Table 4. This 143 
only a broad relationship and there are notable exceptions in 
Mexico, the KurileKamchatka arc, the Japanese arcs, and 
elsewhere. 
Viewed in detail, volcanism follows the pattern described by 
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Gutenberg and Richter (1945). Volcanoes tend to occur at distances 
of the order of 50-200 kin on the overthrusting side of typical 
island arcs. Usually a zone of older volcanism is present some 
50-100 kin further back on the same side of the arc. Volcanoes also 
occur intimately associated with rift zones and oceanic ridges and 
in some places on zones of strike-slip faulting (for example 
Coropu volcano in Papua, formed in 1943 on an extension of the Owen 
Stanley Fault Zone), as well as in some tensional environments 
marginal to continental shields. 
The question is discussed further in section F2, but broadly, 
and without going into great detail, it appears likely that volcanoes 
are always associated with tensional features. In the case of island 
arc structures, these tensional features are secondary to the 
dominant coinpressional underthrusting of the arc: in the case of 
rift zones and oceanic ridges they are primary features. 
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B3 $UNMARY OF SPATIAL CHARACTERISTICS 
OF SEISMICITy AND VOLCANISM 
Summary 
It is estimated that radiated seismic energy can be directly 
compared with thermal energy of eruption by dividing the latter by 
a factor of 50. In the period 1897 - 1968 total global seismic 
energy release has exceeded total volcanic energy release by a 
factor of about ten. The 32 tectonic regions defined are considered 
in terms of their relative seismic or volcanic preponderance. 
Volcanism is found to be dominant in tensional and seismicity in 
compresejonal environments, 
B3 .1 INTRODUCTIoN 
Subject to the limitation, already mentioned, that volcanism 
is too intermittent and discontinuous a process to be adequately 
Sampled by a period of only some 70 years, there are nevertheless 
some significant generalisatjons that can be made about the 
geographical distribution of seismicity and volcanism, as Summarised 
in Tables I, 3 and 14 • 
B3.2 DIRECT COMPARISON OF SEISMIC AND VOLCANIC ENERGY RELEASE 
On a world wide scale it is immediately clear that seismicity, 
in terms of energy release radiated from the focus as seismic waves, 
is less significant than volcanism measured in terms of thermal 
energy of eruption, the latter over the period 1897 - 1968 having 
exceeded the former by a factor of at least four. Taking into 
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account the continuous volcanic activity which falls short of 
larger outbursts of energy in discrete eruption, this factor is 
somewhat higher.* 
B3.3 CORRECTION OF THERMAL ENERGY IN ORDER TO BRING IT INTO LINE 
WITH SEISMIC. ENERGY 
Meaningful comparison of radiated seismic energy and thermal 
energy of eruption can, however, only be made by determining the 
proportion that each respectively bears to the total seismic 
energy and the total energy of eruption. Experiments on the 
recording of underground explosions at very close range (Carder 
and Cloud, 1959: Carder, 1962: Rogers, 1966: Springer, 1966 0 a,b: 
Trembly and Berg, 1966: Werth and Randolph, 1966) suggest that 
radiated seismic energy is of the order of 100 times less than total 
seismic energy, and studies of amplitudes of seismic waves from 
depth charges seem to confirm that this factor is of the right order 
of magnitude (Parks, Jacob, personal communications). 
Yokoyama (1956) and Hedervari . (1963., a, and 1968) have 
estimated that thermal energy of eruption is normally not less than 
half the total energy in eruptions characterised by the ejection of 
magmatic material. In phreatio eruptions, however, in which only 
country Tock and old volcanic material is ejected, Shimozuru (1968) 
has shown that the greater part is expended as kinetic energy, which 
he has calculated as normally almost 90% of the total. 
*Footnote: For example Shimozuru (1968) quoting Delsemme (1960) 
mentions release of 3 x 1023  ergs. annually by radiat±on loss and 
escape of gas from the Nyiragongo lava lake, a semi-continuous process 
which usually takes place without discrete eruptions. 
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Ideally each eruption should be considered individually. In 
practice, however, the uncertainties in all estimates of volcanic 
energy release are so great that it becomes meaningless to 
discriminate between eruptions without more detailed knowledge of 
the volume and nature of the materials ejected. For the purposes 
of the present argument it is sufficient to estimate thermal energy 
as half the total energy of eruption, and radiated seismic energy 
as one hundredth of total seismic energy. Thermal energy figures 
should accordingly be divided by a factor of fifty in order to bring 
them into line with corresponding figures for seismic energy. 
B3.4 CORRECTED COMPARISON BE'WEEN SEISMICITY AND VQLcANISM AND 
BROAD CONCLUSIONS. 
On this basis, one may estimate that total global energy of 
seismicity exceeds total energy of volcanism by a factor of about 
ten, which is far less than one might intuitively have expected. 
Since there is evidónce to suggest that seismicity and volcanism 
may be different aspects of what is essentially a single seismo-
volcanic process, then it is clear that volcanism deserves far 
greater consideration in discussion of global seismicity than it 
generally receives. 
• Comparison between Tables I and 3 suggests that the clearest 
relationship to emerge is an inverse one, that between high volcanism 
and low seismicity on midocean ridges and in rift environments. 
This is important in any consideration of the mode of origin of 
this class of feature. Secondly it becomes clear that, considered as 
a whole, volcanism is a more widely distributed phenomenon than 
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seismicity. For example, as the overall summaries of Tables I and 
3 illustrate, only 59t of potentially active volcanic centres are 
found in the circum-Pacific belt, whereas 714 of total seismic 
energy release has taken place there during this century, and, 
whereas there has been negligible seismicity, in terms of global 
energy release, on continental shields and margins, 11% of the 
world's active or potentially active volcanic centres are to be 
found there. 
This simple conclusion is partly., however, a false one. As an 
index of volcanism the number of potentially active centres is 
taken, which is equivalent to a sample of hundreds or thousands of 
years. By contrast fossil or relict seismicity is only identifiable 
in extremely favourable stratigraphic circumstances and then only 
with difficulty so that the index of seismicity is the sample of 
the last 70 years only. It is entirely likely that many of the 
world's volcanoes which are now in a later stage of development 
were once associated with a much higher level of tectonic seismicity 
than theyare today. 
Not only the passage of earthquake waves through rock but 
seismic zones themselves are essentially transient phenomena, 
expressions of release of tectonic stress which disappear as soon 
as the zonos cease to accumulate strain. Volcanism, by contrast, 
eFootnote: It is hoped that macroseismic earthquake epicentres before 
1897 can be added to the data file in order to lengthen this sample. 
For many of the most significant regions, however, reliable records do 
not extend back much further. than this date. 
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although a product of the sane chain of events, may continue long 
after its 'raison d'etre' has passed. Consider for example the 
relict volcanism of the Tibesti Plateau in the central Sahara 
(Vincent, 1963) or that of Jebe]. Marra in the eastern Sudan (Hammerton, 
1966 6 and Burton and Wickens, 1966), 
B3 5 DETAILED COMCLUSXONS: REGIONS OF VOLCANIC OR SEISMIC 
PR}PONDERANCE 
Looked at in more detail, region for region, a direct comparison 
of seismicity with volcanism leads to some interesting results. 
Figure 3 is a plot of ceismicity by tectonic region as defined by 
the percentage of total world seismic energy release (column 13 of 
Table I) against volcanism as defined by the percentages of total 
world centres (column 11 of Table 3) and of total world centres with 
known eruptions (column 10 of Table 3). From this one can deduce 
the relative preponderance of seismicity and volcanism in each 
region. The straight-line contours on the figure represent arbitrary 
degrees of seismic and volcanic preponderance defined by dividing the 
greatest deviation from the line of relative equal seismicity and 
volcanism into ten equal parts. 	 - 
The relatively very high volcanism in the Atlantic and central 
Arctic oceans and in the predominantly rift zone environment of 
Africa, which can be aeon from a comparison of Tables I and 3, is 
here still more clearly displayed. The central and western 
Mediterranean and North Africa (including the Canary Islands), 
Central America between Guatemala and Panama, and the Greater Sunda 
arc in Indonesia similarly show a strong preponderance of volcanism 
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over seismicity. To a lesser extent so do the Kurile-Kamchatka 
arcs, Celebes and the Lesser Sunda arcs, and the PacifIc; and to 
a still lesser extent the New Zealand-Macquarie Island region, the 
Mariana and Bonin Islands, New Guinea, the Bismarck and Solomon 
Islands, and the Scotia arc. 
The most marked seismic preponderance is shown by Burma and 
the Himalayan-Afghanistan arcs, India, China and Mongolia,.and the 
Hokkaido and Honshu arcs in Japan. Somewhat lesser but still very 
marked seismic preponderance is found in the Fiji-TongaKermadec 
Islands (although it is probable that some unrecorded submarine 
volcanic activity takes place in this area), in Andean South America, 
and in the Philippines and New Hebrides, Mexico, the Xyushu-Ryukyu-
Taiwan arcs, Alaska and the Aleutian Islands, the west coast of 
North America, the Balkans and Eastern Mediterranean and the 
Middle East, and South-Central Asia and Iran are all significantly 
more seismic than volcanic in their activity. 
In conclusion, there are marked differences in the relative 
seismicity and volcanism of tectonic regions and an approximate 
correlation exists between rift zone tectonics and predominant 
volcanism. On the side of seismic preponderance, although there is 
a tendency for high seismicity to be commonly associated with 
compressional arcuate belts, no clear relationship emerges. The 
two most predominantly seismic of all regions, Burma-India and 
China-Mongolia, are characterised by complex fold belts and dominantly 
compressional conditions marginal to major zones of underthrusting. 
This subject is discussed further in section F2. 
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134 WORLD YjP9 . TN 
Smary 
The rate of seismic energy release since 1897 is considered, 
and is shown to have been markedly higher in the years before about 
1916 than afterwards. Significant earthquakes have not occurred 
evenly or at random during the period but have shown a marked 
degree of clustering. Annual variations, by regIon, are presentéd 
in Appendix I. 
B4.1 INTRODUcTION 
Figure 11 is a graph of cumulative seismic and volcanic energy 
release* for the period 1897-1969. It include's all earthquakes 
of individual energy release greater than 1 x 1023  ergs (magnitude 
M = 74), and all volcanic. eruptions. of known thermal energy release 
above 5 x 10 24  •ergs. Smaller events have been neglected, since 
even when several are grouped together they prove barely significant. 
Although there is considerable uncertainty regarding figures for 
nagnitude and hence energy release both for earthquakes and for 
volcanic eruptions, particularly in the early years of the century, 
it is thought that this represents a broadly accurate picture 
of seismicity and volcanism ovr'the past 7.1 years. 
*Footnote: The seismic energy is radiated seismic energy, and as 
described above, volcanic energy is brought into line with it by 
dividing figures of thexia1 energy release by a factor of fifty. 
Fig. L 
	
Cumulative worldwide energy release in earthquakes and volcanic eruptions, 1897 - 1969. 
ENERGY IN 



























13 14 15 16 17 18 





I I I I ' I 




f 1910 1915 	 SI6NIFICANT WORLDWIDE 
ENER6Y RELEASE IN EARTHQUAKES 







THO USA NOS OF DA YS A F TER 
JUNE 12th  1897 (ASSAM EARTHQUAKE) 
68. 
B4.2 CONCLUSIONS FROM DATA PRESENTED IN FIGURE 
The principal feature of the graph is the greater rate of 
energy release in the early years of the century, before about 
6000 days after the onset (the 12 June 1897 Assam earthquake) 
compared with the later part. There are two possible ways of 
describing the observed graph: one is by postulating a marked 
change inslope, that is a sharp decrease in the rate of energy 
release, after about 1914 or 1915 0  and the other is by supposing 
a more gradual, hyperbolic fall off. In view of the uncertainties 
in energy figures either of these two possibilities would be 
equally acceptable. Suggestions have been made that magnitudes 
of earthquakes were systematically exaggerated in the years before 
1918, at about which time there was a marked improvement in the 
standard of worldwide seismic recording. Undoubtedly magnitude 
figures contain greater errors the further back one goes; however 
there is no evidence to suggest a systematic error, and plenty to 
show that the years 1897, 1905 and 1906 were truly exceptional 
compared to any since. Richter (1958, p.357) states, "there is no 
escape from the conclusion that the greatest shallow shocks were 
more frequent before 1918 than afterwards; this obviously cannot 
be attributed to deficiencies in cataloguing which should produce 
the opposite statistical effect." 
Among other characteristics of the data in Figure 14 is a strong 
tendency for significant energy release to be grouped'together in 
active episodes separated from one another by comparatively quiet 
periods. The length of these active periods varies greatly. The 
four best defined are:- June 1904 - pri1 1907 (2.8 years), 
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April 1932 	July 193'4 (2.3 years), February 1938 	December 1943 
(5.6 years), and June 1950 - November 1952 (2.'4 years). 
Similarly the quiet periods vary in duration, the four clearest 
ones being April 1907 June 1910 (3.2 years), July 193 14 
February 1938 (3.6 years), October 19143 	June 1950 (6.7 years), 
and November 1952 - March 1957 (14.3 ycar). At prccnt, since 
February 1965 0 we would appear to be in a quiet period which as yet 
has shown no clear signs of having ended. 
B4 .3 ANNUAL VARIATIONS IN SEISMIC ENERGY ELEASE BY TECTONIC • REGION 
Figure 4 illustrates global release of seismic (and volcanic) 
energy but obscures information about regional activity. Appendix I 
remedies this omission by listing annual energy released in earth-
quakes for each of the 32 tectonic regions given in Table I. The 
figures represent logarithms to the base 10 of energy release minus 
the logarithm of the median value of annual seismic energy release 
for each region. Thus a figure of +2.6 for a particular region in 
•a particular year indicates, that the logarithm of energy release was 
greater by 2.6 than the median of the annual figures for that region 
between 1897 and 1968: this would, for example) indicate an energy 
release 400 times the median value, the logarithm of 400 being about 
2.6 0 or of the order of 8 x 1023 erge if the median value of annual 
totals for the region were 2.0 x 10 21  erge. 
Appendix I, therefore, contains information which effectively 
summarises the variations in seismicity which have taken place since 
1897. These are exceedingly complex at first sight and appear 
largely random in pattern: their analysis is far beyond the scope 
of this thesis. The data is perhaps of particular value in the 
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search for 'progression' of earthquakes from one region to another, 
a subject that is discussed more fully in Section G2. 
B4,4 PARTITION OF SEISMIC ENERGY RELEASE BY DEPTH, WITH TIME 
A final question that requires an answer when considering the 
world wide variation of seismicity with time is whether there are 
significant variations in seismic energy release in particular 
depth zones. Most of the energy contributing to the graph in Figure 
was due to shallow earthquakes. The most striking concentration of 
large magnitude intermediate earthquakes occurre.d in 1950; during 
the rest of the century intermediate focus earthquakes were 
distributed seemingly at random. Many were of high magnitude 
although in no case did they approach the magnitudes of the largest 
shallow earthquakes. Deep earthquake energy release has been 
negligible in terms of global seismic energy release, having, as 
already mentioned, contributed only about 2% of total energy 
released during the period (see Table I). 
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B5 1ORLD WIDE PATTERN OF VOLCANISM IN TIME 
Summary 
Volcanic eruptions significant in terms of energy release are 
noted for the period 18971968. The majority occurred in episodes 
of strong seismic energy release t often towards the and of such 
periods. 
Energy release by volcanic eruption is included in figure 
side by aide with the seismic data and is normalised to the same 
scale by taking a fiftieth of the thermal energy of eruption. 
B51 SICNIFICANT VOLCANIC EWPTIO?S SINCE 1897 
During the period 18971968 by far the most significant 
volcanic event was the eruption of Katmai in Alaska on 6 June 1912; 
2.0 x 1026  ergs of thermal energy were released in this eruption, 
equivalent to an earthquake producing 4.0 x 10 2  ergs in radiated 
energy, a seismjc magnitude N of 8.8. 
Other events of significance up to and including 191' were the 
eruptions of Soufrire St. Vincent and Mt. Pelo in May 1902, 
followed by Santa Maria in Guatemala in October 1902 (the second 
largest eruption to have occurred during the period, releasing an 
ctitod 5.25 x 10 erga as thermal energy), Mtavanu in Samoa 
in August 1905, 1<audach in Kamchatke in March 1907, Ambrym, Now 
Hebrides, in December 1913 and Sakurajima, Japan, in January 1913. 
it is an interesting fact that all theae eruptions took place 
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in steep parts of the seismo-volcanic energy release curve shown in 
figure 4 9  several of then, Koudach, Katmai, Ambrym and Sakurajima, 
very close to the end of a steep section. The two latter eruptions, 
and Katinai, occurred near the overall change of slope of the whole 
graph which appears to have taken place in 1914 or 1915 • The 
significance of this decrease in the rate of energy release is not 
of course known; however the fairly close association in time of 
the 1913 Ambrym and 1914 Sakurajiina eruptions with the extremely 
violent 1912 Xatmai eruption certainly indicates that this whole 
episode was marked by exceptionally great volcanism; possibly it 
may have been essentially a period of increased tensional conditions, 
at least in the Circum-Paeifió area. 
In the poat19141915 period, which is the less steep portion 
of the graph, the following significant eruptions occurred (those 
with thenual energy in excess of 5 x 1024  ergs); Tungurahua in 
Ecuador, March 1916 and April 1918; Stromboli, Sicily, in May 1919; 
Mauna Loa, Hawaii, September 1919; Komagatake, Japan, June 1929; 
Quizapu, Chile, April 1932; Paricutin, Mexico, February 1943; 
Hekla, Iceland, March- 1947; Mauna Loa, Hawaii, June 1950; Ambrym, 
New Hebrides, December 1950; Bezymianny, Kamchatka, March 1956; 
Kilauca, Hawaii, January 1960; Protector Shoal, South Sandwich 
Islands, March 1962; Agung, Bali, February 1963; Surtsey, Iceland, 
November 1963; and Sheveluch, Kamchatka, in November 1964. 
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As in the pre-1914--1915 period, most of these eruptions were 
associated with the steeper portions of the energy release curve. 
The most notable exception was the eruption of Bezymianny in March 
1956, which was closely associated in time with only two earthquakes 
significant in terms of energy release, a deep earthquake south of 
Honshu 41 days before the eruption, and an earthquake in the 
Dodecanese Islands 101 days after its 
This discussion does not intend to imply that earthquakes 
significant to the eruption of Bezyxnianny did not take place (small 
magnitude earthquakes intimately related to the eruption certainly 
occurred) nor to invoke a causal connection between the eruption and 
either of the earthquakes which have been quoted as significant in 
terms of global energy release. It merely sets out the temporal 
relationship and places the eruption in the context of global 
seismicity and volcanism at the time. 
B5.2 PRE-1897 VOLCANISM 
Whereas earthquake information in the data file only goes back 
as far as 1897, volcanic data has been assembled back as far as 
records permit, several thousand years in the case of some Mediter-
ranean volcanoes. It would, however, at this stage be premature to 
offer any conclusions about the distribution of volcanism in time 
before the beginning of this century. The mass of data that has 
been accumulated is extremely inhoinogeneous and quantitative figures' 
for energy release are almost entirely lacking. Considerable 
editing of the file is required in order to eliminate unreliable 
reports, and a great deal of research must be carried out in order 
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to convert descriptive accounts of activity to estimates of volumes 
of rock ejected (and hence magnitudes of eruption). 
Accordingly for the purpose of this dissertation this mass of 
early data is simply offered as a data contribution. Comment on 
it is restricted to the observation that there is clear evidence of 
periods of marked volcanism both on a worldwide and more regional 
scale. These periods have generally been separated by intervals 
of comparative quiet. Notable examples of extremely active periods 
are the years between 1533 and 1539 (especially in the Mediterranean 
and South America), 1586, 160 0 1770-1775, 1783, 1790 (especially 
in the Aleutian Islands), 1822, 18 143 - 1847, 1852 - 1856, 
1877-1883, 1886.- 1888, and 18914. 
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B6 SUMMARY OF TEMPORAL CHARACTERISTICS OF 
SEISMICITY AND VOLCANISM 
Sununary 
There is an overall correlation between high bursts of seismic 
and volcanic energy release, both tending to be clustered in the 
same periods. However, the short sample of data afforded by the 
period 1897 - 1968 is inadequate for a discussion of the observed 
variations of seismicity and volcanism with time. The data file 
for earthquakes needs to be completed for as far back as possible. 
The tendency for significant release of seismic and volcanic 
energy to occur in bursts of activity, as described in Sections Ste 
and B5 and clearly shown in Figure 4, highlights the essential 
relationship between the two sets of phenomena. Not only do 
earthquakes, on a world wide scale, tend to occur in clusters rather 
than evenly spread over long time intervals, but volcanic eruptions 
tend to occur in the same periods of activity and to be associated 
in time both with other eruptions and with large magnitude 
earthquakes . * 
*Footflote; This discussion refers only to large magnitude seismic 
and volcanic events, significant in terms of global energy release. 
Even closer relationships exist between certain classes of small 
magnitude earthquakes and volcanic eruptions, as described in 
Section C3 and elsewhere. 
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This does not imply a causal connection between seismicity and 
volcanism, although such would be a possible explanation of the 
facts; an alternative explanation is that both phenomena react 
together to some internal or external stimulus. This question forms 
the basis for discussion in Section F2. Here it is merely stated 
that the observed relationship is a fact. 
The marked decrease after about 1915 in the rate of energy 
release in earthquakes and volcanic eruptions, which can be inferred 
from the data of Figure 4, serves to emphasize the inadvisability 
of basing far-reaching conclusions on a short span of data. The 
period 1897 .- 1968 s affected as it seems to be by this fundamental 
decrease in energy release, is clearly too short to allow proper 
analysis of an effect which must have a period of at least fifty years 
or so. 
Any intelligent discussion on overall rates of seismo-volcanic 
energy release must therefore await the accumulation and proper 
editing of earthquake and eruption data as far back as records allow. 
Part of this work has been done on the volcanic side, but I have yet 
to commence the compilation of earthquake data in computer readable 
format for the years before 1897. 
0 
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C. 	SEISMO-VOLCANIC RELATIONSHIPS IN THE NEW HEBRIDES 
from that one effect only can we know aught regarding 
the producing Cause?" 
Hugh Miller, p. 281 9  
'Geological Evidences in favour of Revealed Religion', 1852 
(Everyman's Library, No. 103, 
J.M. Dent & Sons Ltd., 1906) 
7C. 
Cl VOLCANISM AND DEEP EART}IQUA1(ES 
IN THE NEW HEBRIDES ARC 
Summary 
The tectonic setting of the New Hebrides and its seismicity is 
briefly described. The 46 deep focus earthquakes (h b 350 1(m) 
which are known to have occurred in the area between 1933 and the 
end of 1968, have been analysed in order to determine to what 
extent the ideas put forward by Blot (1964) appear statistically 
valid. The deep earthquakes have been compared with known 
eruptions at the 16 active or potentially active volcanic centres 
in the are, in order to detect regularities, within a 3-year time 
window, in the time-space relationships between the two classes of 
event. 
Results suggest that there is no real evidence that a 
constant relationship exists between deep earthquakes and 
eruptions in the area. Although a high proportion of all events 
in both classes can be accounted for by the Blot hypothesis, it 
is shown that chance is capable of yielding a similar result. 
Thus either the process is illusory, or it is obscured by a 
proportion of random events or events due to other causes. 
C1.1 GENERAL DESCRIPTION OF THE TECTONIC SETTING AND SEISMICITY 
OF THE NEW HEBRIDES ARC 
The islands extending from Hunter and Matthew in the south 
to the Santa Cruz group in the north comprise an arcuate structure 
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Fig. 5 	Arc Structures of the south-west Pacific. 
fronts towards the continental side away from the Pacific Ocean 
basin, a feature which it shares with the neighbouring Solomons 
arc to the north_west.* 
Although this might appear to be a point of fundamental 
difference between the New Hebrides and So].omons structures and 
other Pacific border arcs such as the Tonga-Kermadec, Mariana-Bonin, 
or Kurile-Kamchatka arcs, it is in reality a rather minor difference. 
Instead of the typical situation in which the Pacific Ocean floor 
underthrusts surrounding continental margins, in the New Hebrides 
and Solomon Islands it has overthrust the continental block, in this 
case the Austra].asian block so that it is the latter which is 
dragged down to form a typical I3enioff zone (Benioff, 1954). As in 
other regions, the outcrop of this zone is marked by a series of 
deep ocean trenches. 
Like the Solomons arc, the New Hebrides belongs to the 
category of 'fractured arcs', and again like the Solomons consists 
of two lines of islands which run together at the south and north 
ends, enclosing a central rhomb-shaped basin. Coleman (1966) has 
delineated three provinces in the Solomons, a volcanic province 
closest to the deep trench on the continental side, a central 
province which contains the oldest rocks, a Mezozoic metamorphic 
complex, which have so far been discovered in the group, and a 
Pacific province, on the oceanic side, which consists of 
unmetamorphosed submarine volcanics and deep-sea sediments of 
Mesozoic to Tertiary age. 
*Footnote: 	see Section F1.3 for a description of the regional 
tectonics of the south-west Pacific border region. 
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A somewhat different pattern is developed in the New Hebrides, 
where no basement as old as the Solomons metamorphic complex has 
been discovered. U].trabasic rocks are found on Pentecost (Ma].lick, 
1969) and rocks as old as lower Miocene on Maewo (report by 
K.A. Liggett, in Warden, 1967,c): these two islands form the 
Pacific limb of the double arc structure as Malaita, Santa Ysabel 
and Choiseul do in the Solomons. The tectonic setting of the 
ultrabasic rocks is similar in the Solomons and New Hebrides, but 
deep-sea sediments have not so far been discovered in the New 
Hebrides. Also, unlike the Solomons, in the New Hebrides recent 
volcanic activity is located along a zone midway between the inner 
and outer islands of the group, instead of in a zone marginal to 
the deep trenches. 
Blot was the first to define the pattern of seismicity accurately 
for the area, although many of the features of the structure were 
correctly described by Gutenberg and Richter (1954). He drew 
attention to the existence of deep earthquake foci reported by the 
International 'Seismological Summary well to the north-east of the 
arc (Blot, 196 0 paper read at the 1963 General Assembly of I.U.G.G.), 
and he catalogued available data on earthquakes (Blot, 1962) in the 
period 1900-1953. Gaze (1963) discussed 11ot's results and drew 
attention to dominant lineations and trends in the islands. Sykes 
(1964) recomputed a number of deep focus earthquakes reported by the 
'U.S. Coast and Geodetic Survey and discussed the seismicity and 
tectonics of the arc. 
The features that emerge from these studies are as follows: 
E2. 
earthquakes in the New Hebrides tend to be located along an 
inclined zone which dips to the north-east (Benioff, 1954) reaching 
depths of 600-650 Km in an area centred about 131 0S, 170 0E. (Blot, 
1964). Shallow earthquakes occur most frequently in the vicinity 
of the deep ocean trench on the west of the arc. Intermediate 
focus earthquakes occur principally beneath the volcanic axis of 
the New Hebrides, but not in an evenly distributed manner: rather 
they occur repeatedly in restricted focal areas. Two particularly 
active foci are beneath Erromango and the Banks Islands. 
C1.2 TINE-SPACE RELATIONSHIPS BETWEEN DEEP FOCUS EAPTHQUAKES AND 
VOLCANISM IN THE NEW HEBRIDES ARC 
46 deep focus earthquakes are known to have occurred in the 
New Hebrides arc between 1933 (the year in which the first was 
recorded) and the end of 1968. The locations of the3e, together 
with all large magnitude intermediate earthquakes are shown in 
Figure 6. Volcanic eruptions are known to have taken place at 
8 of the 16 potentially active volcanoes in the arc. The dates 
and locations of these have been abstracted from the data file and 
compared with data for the deep earthquakes in order to discover the 
extent to which the 'Blot process' operates in the New Hebrides. 
Deep focus earthquakes occurring in 1967 and 1968 have been 
neglected in the following discussion, because the Blot hypothesia 
suggests that any sequences due to these earthquakes might still 
be more than half unfinished; that is to say, there is a strong 
probability that the relevant eruptions might not yet have taken place. 
Footnote:- On 15 January 1970 a deep earthquake (h = 620 1(m) occurred 
at 13.SS, 167.1E, according to U.S.C. and G.S. This is well outside 
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83. 
ALL KNOWN INTERMEDIATE AND DEEP FOCUS EARTHQUAKES 1697 - 1968 
• Volcano 
Fig. 6 	Distribution of intermediate and deep focus 
earthquakes in the New Hebrides arc. 
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The remaining 36 earthquakes, comprising all known deep earthquakes 
between 1933 and the end of 1966, have been compared, using a 3-year 
window, with all known eruptions in the arc between 1933 and 
February 1968. The results are illustrated in Figure 7. 
Numbers in this figure refer to specific deep earthquakes 
(numbers 136, in time sequence from 1933) 0 and symbols beside them 
identify the volcano at which a subsequent eruption occurred 
within three years of the earthquake, with time and space coordinates 
given by the x and y axes of the figure. The zero of both axes, 
representing the day on which eruption commenced at any of the 
volcanoes of the arc, is located at the bottom right hand corner of 
the diagram. The figure differs from the 'time-depth' diagrams of 
Blot (19614 and in later papers) in that firstly the unit of space is 
a kilometre of hypocentral distance (the true distance within the 
Earth between earthquake hypocentre and volcano) rather than a 
kilometre of depth of focus, and secondly all volcanic eruptions are 
normalised to lie at the origin of the graph. Points that refer to 
the larger earthquakes (those of estimated magnitude N ai 5) and the 
more significant eruptions are identified on the figure, as are 
unique points that refer to only one eruption. 
The time-space intervals postulated by Blot (196 14) are defined 
by a 'velocity' of the order of 1.5 Km/day*, and this and other 
'velocities' are represented by lines radiating outwards from the 
j'ootnote: The 'velocity' as defined by Blot is the speed of ascent of 
the 'phnomne nergtique' (Blot, 19614), and is given by hypocentral 
distance, in kilometres, divided by time difference between earthquake 
and eruption, in days. 
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origin in Figure 7. 'Velocity' windows have been set up to include 
the optimum number of points on the diagram. This has been done 
as follows. The observed number of points over intervals of 0.1 Km/day 
are plotted in Figure 8 together with the observed numbers corrected 
for the varying proportion of the total area of Figure 7 enclosed by 
each 'velocity' window, which is clearly at a maximum near 0.8 Km/day. 
The difference between the observed and corrected values, shown 
separately in Figure 8, shows the area of greates-t concentration of 
the points. The optimum 'velocity' Is found to be 1.25 Km/day. 
'Velocity' windows are shown in Figure 7 for this peak value of 
1.25 + 0.1 Km/day, for a secondary peak of 1.85 + 01 Km/day and for 
0.75 + 0.1 Km/day, the value that gives the greatest Uncorrected 
concentration of points. 
It is evident that the distribution of points in Figure 7 is 
such that there is no marked concentration in any segment of the 
time axis. On the space axis,. however, there is a strong concentration 
between the values 700 and 900 Km. This is due to the configuration of 
the arc and the well defined and restricted distribution of deep 
earthcuakes. Reference to Figure 6 will show that earthquakes almost 
anywhere in the deep earthquake zone will iie.at an approximately 
constant distance from any of the volcanoes of the central New 
Hebrides; it is at these that the great majority of eruptions in 
the are take place. 
The greatest proportions of all known deep earthquakes and 
eruptions over the period 1933-1968 which can be explained in terms 
of 'velocity' windows of 0.2 Km/day are as follows:- 
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1.15 - 1.35 Km/day 
1.75 - 1.95 Km/day 
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With 'velocity' windows of 0.4 Km/cay optimum figures are:- 
1.05 - 1.45 Km/day 78% 64% 
0.90 - 1,30 Km/day 78% 58% 
C1.3 SIGNIFICANCE OF THE RESULTS 
Analysis of the results has been carried out in order to 
establish firstly whether the observed number of total correlations 
within a 3-year window exceeds that expected on the basis of a 
chance distribution, and secondly whether the observed distributions 
of points within individual sectors of the 3-year window is in any 
way significant. 
The expected number of correlations C due to chance over a 
total period T (in days), within a moving window W is as follows:- 
C 	(T-W)(!-L) 	5(W-L) 	 (9) 
where S is the arithmetic series of arithmetical progression of 
the type 
S 	n n If (2a + (ri-1)d), in which 	 (10) 
n is the number of terns in the series, a is the highest number in 
the series, and d is the increrent of each term in the series in 
the present context n and a are in all cases equal, and d is -1. 
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V isthe total number of volcanic eruptions and E th total number 
of deep earthquakes in the time T. and L is the lag within which 
correlations are not acceflted. W is taken as 1100 days (approximately 
3 years), and L as the period between the first deep earthquake which 
has been rejected (on the grounds that it might belong to a more 
than half unfinished sequence) and the last eruption in the list: in 
this case L = 347 days. 
For the entire period, 1933-1968, 108 random correlations are 
predicted by the formula above, assuming even distributions of 
earthquakes and eruptions throughout the period. The observed number 
is 255, or more than twice the predicted figure. The distribution 
of earthquakes and eruptions is, however, far from constant with 
time. Both show a marked concentration towards the end, and the 
eruptions •towards the middle of the perfod, as follows:- 
Years Number of Deep ?umber of 
Eaxhqiakes truptions 
1933 - 1935 2 1 
1936 - 1938 2 1 
1939 - 1941 2 1 
1942 - 1944 0 1 
1945 - 1947 0 0 
1948 - 1950 1 3 
1951 - 1953 0 7 
1954 - 1956 0 0 
1957-1959 2 1 
1960 	1962 6 5 
1963 - 1965 18 15 
1966 - 1968 13 15 
Totals 46 50 
aFootnote: 10 of these occurred within a year and a half of the last 
eruption in the list, and are therefore rejected as being part of 
more than half unfinished sequences. 
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Given the uneven distributions of earthquakes and eruptions, 
the expected number of random correlations towards the end of the 
33-year period has been recalculated. For the period 27 January 1957 
to 27 January 1968 this proves to be 156: the observed total for 
the same period is 248, or nearly 60% more than the predicted number. 
Again, however, this can be attributed to the great preponderance of 
events after 1963. Accordingly the expected number of correlations 
was calculated for the period 27 January 1963 to 27 January 1968, 
and was found to be 125, as against an observed total of 190, or a 
little over 50% above the expected level. The greater part of this 
difference can be accounted for by the presence of closely linked 
sequences of deep earthquakes, as for example the series of five 
events between 21 January and 3 February 1965. 
One must, therefore, conclude that although a much larger 
number of eruptions in the New Hebrides have in fact taken place, 
within a three year period following a deep earthquake, than would 
be expected due to chance, even when the concentration of events 
after 1963 is taken into account, no significance can be attached 
to the result. The null hypothesis still requires even distribution 
of events within the period 1963-1968. The clueterirtg together of 
groups of deep eart]&quakee over this period is such that the excess 
number of correlations over the number predicted can be explained 
solely on the basis of random occurrence. The marked concentration 
of eruptions between 198 and 1953 and the fact that this can be 
matched by only one deep earthquake also militates strongly against 
the hypothesis that a causal connection exists between the two classes 
of event. 
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It remains to establish whether the correlations show any 
evidence of dependence on specific time intervals within the three 
year interval before eruptions. Figure 7 suggests that this is not 
so and that clustering occurs in a random manner along the time 
axis. In order to test the randomness of this distribution, the 
area of Figure 7 between 350 and 1100 days before eruption, and 
between hypocentral distances of 300 and 1000 Km, was divided into 
15 vertical sections, each comprising a 50-day period, and the 
observed number of correlations in each section counted. Given an 
observed total of 255 points within this area, the expected number 
per division is 17. Observed totals per division range from 23 
(for the period 500-549 days) to 12 (for 600-649, 800-849, and 
900-949 days). The largest devitio;+6, from the expectedtotal 
yields a value of X 2 = 2.271, which has a 14.1% probability of random 
occurrence due to chance Although this value just falls within the 
range that might be considered 'possibly significant', the fact that 
it is an isolated occurrence, together with the known presence of 
clustering in the deep earthquakes, suggests that no importance 
should be attached to the result. 
C1.4 CONCLUSION 
In conclusion, therefore, no real evidence exists that deep 
earthquakes and volcanic eruptions in the New Hebrides arc are in any 
direct way causally dependent on one another. The observation that 
a number of eruptions have occurred after deep earthquakes, with time-
space intervals defined by 'velocities' near 1.5 Km/day (the optimum 
value is found to be 1.25 Km/day), can be adequately explained by 
*Footnote: ,., see Section E1.3 for a full discussion of the levels of 
significance obtained by use of theX2 distribution. 
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random distribution of events, with some clustering, in time. The 
seemingly high proportion of earthquakes (78%) and eruptions (64%) 
which can be explained by invoking an interdependence within a 
0.4 Km/day 'velocity' window is therefore illusory. Given the 
restricted distribution of deep earthquakes and the configuration of 
the arc,the results could as well be explained on the basis of chance 
occurrence. Certainly if a real dependence exists the Iveocjty 
defining the interval between deep earthquake and eruption varies 
widely, as can be seen from the distribution of 'unique' points in 
Figure 7, those for which a deep earthquake has been followed by only 
a single eruption anywhere in the region within three years. All 
the evidence at present points to chance association. 
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C2 VOLCANISM AND INTERMEDIATE FOCUS 
EARTHQUAKES IN THE NEW HEBRIDES ARC 
Summary 
The 'cone-search' computer programme which has already been 
described in section A3 was used to examine the concept of rising 
sequences of earthquakes, commencing at a deep focus and culminating 
in an eruption. The study was primarily concerned with the New 
Hebrides, although other regions were also examined. 
It is concluded that any sequences which may exist commencing 
with deep focus earthquakes are unrecognizable in the presence of 
a large number of intermediate and shallow focus earthquakes. 
'Cone-search' results suggest that no constant time-space 
relationship exists between deep earthquakes and volcanic eruptions, 
and observed relationships can be explained as random variation due 
to chance. 
Regularities, however, are demonstrated in the case of sequences 
commencing with intermediate focus earthquakes. In the central 
island volcanic group of the New Hebrides there is a clear relationship 
between eruptions and large magnitude precursor earthquakes at 
intermediate depths. There is also a strong probability that 
intermediate earthquakes of magnitude about Sj to 61 bear a causal 
relationship to subsequent eruptions. No attempt has been made, 
however, to establish the relationship down to such magnitude levels 
because of inhomogenèity of the available information. 
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C2.1 - INTRODUCTION 
Intermediate focus earthquakes in the New Hebrides, here 
defined as those with focal depth between Lil and 349  Kin, occur in 
a broad zone between the deep ocean trenches on the continental 
side and the area of deep earthquakes to the east and north-east of 
the arc; see figure 6. Roughly speaking, the axis of this area 
coincides with the zone in which active volcanism is taking place. 
In this respect theregion is typical of the majority of Circum-
PacIfic arc structures. 
As already mentioned, intermediate earthquakes do not occur 
in a regular manner evenly spread throughout the New Hebrides, but 
rather in restricted and very active foci. The most active of these 
is in the vicinity of Erromango in the southern New Hebrides, where 
intermediate focus earthquakes over magnitude 7 are relatively common. 
Many also occur beneath the Banks Islands. 
The Blot hypothesis demands a rising sequence of earthquakes 
commencing with a deep focus and culminating in shallow earthquakes 
and volcanic eruptions. In this sequence the intermediate earthquakes 
play an important part. It is postulated that stress release in the 
'roots' of volcanoes, at intermediate depths, increases the volume of 
magma available and this leads directly to eruption.* It is here that 
the Blot hypothesis reaches full agreement with the already well-
established theory that intermediate earthquakes not only frequently 
precede, but also directly cause volcanic eruptions. 
In order to examine the hypothesis of rising sequences in detail 
the 'cone-search' computer programme was uaed. This was developed 
*F000te:_ see Section E1.3 for discussion of this hypothesis. 
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for use on the Edinburgh KDF 9 computer (now obsolete) by 
Mr CFyfe of the I.C.S. Global Seismology Unit, and has been 
described in section AS; see also figure 2. Results, principally 
on data for the New Hebrides arc, are described below. 
C2.2 RESULTS OF 'CONE-SEARCH' PROGRMME 
The 'cone-search' programme has been run on most of the deep 
earthquakes of the New Hebrides arc, and in addition on many deep 
earthquakes of other regions, epecially the Solomon Islands, 
Indonesia, Japan, the Kurile-Kamchatka arc and the Fiji-Tonga-
Kermadec Islands arc. A considerable anount of output has been 
examined. Selected examples are discussed below. Figures 9-11 
show results using the generalised cone programme, in which a cone 
of vertical axis and diameter at the surface of 1000 Km is set up 
at the focus of a deep (?souc5) earthquake, and subsequent 
shallower activity over a time window of 1500 days is plotted. 
Figure 12 shows an example of a 7-degree cone, and Figure 13 some 
examples of 2-degree cones: in both these cases cone axes were 
defined by joining foci of a deep ('source') earthquake and a 
subsequent intermediate (secondaryI) earthquake which occurred 
within 250 km hypocentral distance and 1500 days of it. Shallower 
seismic activity and volcanism falling within these 7- and 2-degree 
cones is plotted, as described in section A3 and illustrated in 
Figure 2. The letter code used to classify earthquakes in depth is 
given in the caption to Figure 3. and in Appendix 2. 
The example shown in Figure 9 is one of the clearer cases of an 
apparently rising sequence of events. The 'source' earthquake was 
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EXAMPLE OF GENERALISED CONE-SEARCH PROGRAMME 
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Fig. 9 	Example of output from the generalised. 'cone search' 
programme:: sequence commencing with deep 
o ' 	
, earthquake of magnitude M 	5.0 in': the Kermadec. . 0 
Islands, 28 September 1963, and including the Raoul. 
Island eruption of 20 November 1964. 
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the magnitude M = S.0 event of 28 September 1963 in the Kermadec 
Islands, postulated by Blot (1965, c) as the 'source' earthquake for 
the Raou]. Island eruption of 20 November 1964. 	3efore this 
eruption there was an unusually clear sequence of intermediate focus 
earthquakes at short epicentral distances from the volcano. As the 
figure illustrates, however, the rising sequence (marked P. 0, F, 0 9  
M, M, L, K, F, E on the diagram) is certainly not unique other 
sequences of intermediate focus earthquakes occur a little later 
without any apparent effect on volcanoes in the area. As for the 
great bulk of shallow earthquakes, it is clearly meaningless to 
correlate them, or any group of them, with deep or intermediate focus 
earthquakes on the diagram, because of the great number of such events. 
To a good approximation they represent constant activity at a fixed 
distance from the deep earthquake zone defined by the position of 
the deep trench on the outer side of the arc structure. 
Exactly similar results are obtained for the New Hebrides, 
(see Figures 10, 11 and 12) 0 although in general these are even less 
convincing, since the level of shallow seismicity is a great deal 
higher than it is in the Kermadec Islands. A comparatively large 
number of intermediate focus earthquakes occur, giving rise to a 
large number of sequences for each deep earthquake. Against a 
uniformly high background of shallow seismicity volcanic eruptions 
appear as isolated points which never show evidence of a unique 
Footnote: Note that the eruption of the Rumble No. 1 seamount 
north of New Zealand can be correlated with the same sequence. 
w 
N 
Fig. 10A A further example of output from the generalised 'cone search' 
programme, activity referred to the magnitude M 6.0 deep 
focus earthquake in the New Hebrides on 11 May 1962. 
I 	- 
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Fig. 10(B) 	A further example of output from the generalised 
'cone search' programme: activity referred to the 
magnitude M = 6.0 deep focus earthquake in the 
New Hebrides on 11 May 1962. 
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Fig. hA Example of generahise 'cone search' output showing 
four eruptions in the central New Hebrides, referred 
to the deep focus earthquake of 5 November 1957, 
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Fig. 12 	Example of a typical 7-degree cone set up on the axis joining the 
deep focus earthquake of 5 Noventher 1957 and the intexjnediate . 
	
Ii 	 focus earthquake of 1 April 1959 near Karua volcano, 6entra]. 
• 	 . 
 
10004 . 	 1' NeWHebrldeS. 	 * 	
A C 
I. . . . :. 	 C 	AFF 
9004 	 •. 	 A 	 E A 
LIJ 	
A: 	 AA 	A 
0.1 	 . 	. 	A 	 LI 	 A B A 
soo.I . 	
E A 	A A. A AA A  A 	 C 	BAA A A 
(1) 	 •• 	 •... 	. A 	 . 	 F E0 	D
C  
AAG 	A 
- 	 B 	•••. M 	 A 	 BR EC 	C 
Karua. 	 . . .. 
	Lopevi 	 C 	£ 700— . 	 ERUPTION 
ERUP:rJoN 
SECONDARY EARTHQUAKE 	. 








I 	100 	200 	300 	400 	500 
I I I 
SOURCE 
EARTHQUAKE 
700 	800 	900 	1000 	1100 	1200 	1300 	1400 	1500 / 
I I I I I 




relationship with deep earthquakes. This is not, of course, 
evidence that such sequences do not occur, but it does mean that 
this method at least is incapable of defin±ng ther.i with any 
conviction. 
Figure 13 illustrates the sort of results obtained in a 
strongly seismic region by the use of a 2-degree cone. It shows 
thre•e sequences originating in the 'source' earthquake north-west of 
the Kurile Islands on the 7 4arch 1960. The first sequence (a) 
is defined by an Intermediate earthquake ('secondary') of 
magnitude about 7 off the east coast of Kmchatka on 25 July 1960, 
and the second and third (b and c) by different determinations of 
a magnitude 6.1 event in the Kurile Islands on 27 August 1960. 
This latter preceded by two and a half days an eruption at 
Sarychev Peak volcano at a hypocentral distance of a little under 
300 Kin. The eruption falls outside the area of the 2-degree cone.. 
The strongly selective element in determining the dimensions 
of the cone, and the uncertainties in position and focal depth of 
the majority of earthquakes are well illustrated by this case. In 
the absence of hypothesis that can be shown to yield clear 
evidence of an unqualified space-time relationship between deep 
earthquakes and volcanism (see section Cl) it does not at present 
seem worthwhile to recompute the focal coordinates of deep and 
intermediate earthquakes on the expectation that if correctly 
positioned they would reveal a constant relationship. All the 
evidence at present, as for example the 'unique' points in Figure 7, 
suggests that no such regularity exists. 
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C2.3 INTERMEDIATE rocus EARTHQUAKES, WITHIN 100 KM EPICENTRAL 
DISTANCE, AS 'SOURCE' EARTHQUAKES FOR ERUPTIONS 
When, however, deep foci are dropped from the pattern of 
seismicity before eruptions, and intermediate focus earthquakes 
are envisaged instead as sole forerunners of eruption, some notable 
relationships can be observed. In the central New Hebrides volcanic 
area, comprising the active volcanoes Ambrym, Lopevi, .Karua and the 
submarine volcano east of Epi*, five out of 11 intermediate focus 
earthquakes of magnitude M 6.9, within 100 Km epicentral distance 
of any of the volcanoes in the area, have been followed by eruption 
within 150 days (see Figure 14). With a longer time window 10 out 
of 11 could be plausibly linked with eruptions, the eleventh being 
a shock at 60 Km depth, considerably shallower than any of the 
others, all of which were deeper than 100 Km. 
A statistical examination of large magnitude intermediate 
earthquakes on a worldwide scale is reported in section E2. In spite 
of the high apparent level of correlations the majority are shown to 
fall below the level at which they are statistically significant, and 
it is demonstrated that a similar and often better result could be 
obtained by chance. The significance of the result depends heavily 
on the time-window within which correlations are accepted. With a 
short window, such as 150 days, the relationship in the central 
New Hebrides has a less than 1% chance of random occurrence, 
and is clearly significant. With a longer window, accounting 
for nearly all 11 earthquakes, the results cease to be significant. 
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Fig. 113 	Relationship between large magnitude intermediate focus earthquakes (M 	6.9) . 
and eruptions in the central islands volcanic group,. New Hebrides. 
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A similar regularity is obccrvcd for large magnitude (N t 6.9) 
intermediate focus earthquakes in the Santa Cruz Islands. All three 
such earthquakes within 100 Km epicentral distance of Tinakula 
volcano can be plausibly linked with three out of four eruptions of 
the volcano during this century. Other large magnitude intermediate 
focus earthquakes in the area, beyond 100 Km epicentral distance, 
showed no apparent relationship with eruptions. The case is 
examined in detail in section E2 (Tables 8 and 11), where it is, 
however, concluded that such a result could have arisen by chance. 
In this, as in many other areas, the difficulty with using only 
large magnitude earthquakes is that sample sizes are small and 
results therefore tend to prove 'not significant'. 
When, however, earthquakes of lesser magnitude are considered, 
it is found that almost all eruptions are preceded by intermediate 
focus earthquakes in the immediate vicinity of the volcanoes. No 
thorough test has been made of the pattern of seismicity below 
magnitude 6.9 (for intermediate) and 6.14 (for deep focus 
earthquakes), because it is not felt that data at present 
available give a sufficiently reliable picture. In particular, 
events determined by the Xnt'rtional Seismological Suimnary lack 
a magnitude figure and great uncertainty exists as to the level in 
different regions above which all or nearly all events have been 
catalogued. 
For the present, therefore, the statement must go largely 
unsupported that on a worldwide scale relatively minor intermediate 
focus earthquakes (typically of magnitude 5.5-6.5) are characteristic 
of the months preceding eruption, at epicentral distances less than 
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100-200 Km. Such earthquakes have, however, occurred in the great 
majority (80-90%) of the 50 eruptions known to have taken place 
in the New Hebrides arc since 1933. Typically, earthquakes at 
depths of 100 to 200 Km occur in the immediate vicinity of a 
volcano some six to nine months before eruption. Further study, 
with some recomputation of events for which widely different focal 
depths are reported, is necessary before the extent and significance 
of this process can be established. Until then the possibility 
remains that apparent concentrations of events may be random. 
C2.4 CONCLUSION 
One must conclude that there is strong evidence in favour of 
a causative relationship between precursor intermediate focus 
earthquakes and volcanic eruptions. The clear relationship between 
such earthquakes and subsequent eruptions in the central is lands of 
the New Hebrides strongly supports the work of Blot (1964) and 
Blot and Grover (1966) that volcanic eruptions in the region can 
be successfully predicted several months beforehand. Little 
evidence can, however, be produced in favour of migration of 
activity along rising cones, or of a causal connection between deep 
focus earthquakes and subsequent Eruptions. 
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C3 StJNNARY OF SEISMIC AND VOLCANIC PATTERNS IN THE flEW HEBRIDES ARC 
Summary 
Associations are examined between large intermediate focus 
earthquakes and subsequent eruptions over distances of up to 500 km 
in the New Hebrides. Some, it is concluded, are significant. A 
physical explanation for the observed relationships is sought in 
terms of magma bodies in the upper mantle. The possibility of 
lateral movement of magma over considerable distances is examined. 
Relationships in the New Hebrides arc are briefly compared 
with those in the Solomon Islands and in the Fii-Tonga-Kermadeo 
Islands arc. No stuy as detailed as that carried out for the New 
Hebrides has been made for these-areas; however it is concluded 
that no evidence for interdependence between deep focus 
seismicity and volcanisrn'appears to exist there, although as in 
the New Hebrides a relationship between volcanism and intermediate 
focus earthquakes can be observed. 
The importance is stressed of Pnodal solutions in understanding 
the focal mechanism of those earthquakes which had an apparent 
effect on volcanism. Evidence seems to indicate that such 
earthquakes can be divided into two olassea those that caused 
eruption in the long term by bringing about increased tensional 
conditions in the mantle beneath the volcanoes; and those that 
triggered eruption at volcanoes by compressional effects when the 
process of intrusion of magma before an impending eruption was 
already well under way. 
C3.1 INTRODUcTION 
In the two preceding sections it has been shown that the 
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pattern of seiamicity preceding volcanic eruptions in the New 
Hebrides is less regular than Blot (1964) and Blot and Grover (1966) 
suggest. Intermediate focus earthquakes, however, show regularities 
which confIrm the reality of ascending sequences as suggested by 
these Authors, and underline the usefulness of such earthquakes in 
volcanic prediction. Deep earthquakes cannot be linked with any 
degree of statistical reliability to shallower earthquakes or to 
volcanic eruptions. Such earthquakes do occur before eruptions, 
but the distribution of unique points in figure 7 makes it quite 
clear that any causative relationship that may exist between the 
two classes of event must vary rather widely both between different 
volcanoes and between different eruptions at the same volcano. 
Equally the observed distribution could have arisen by chance, 
C3.2. ASSOCIATIONS BETWEEN INTERMEDIATE FOCUS EARTHQUAXES AND 
ERUPTIONS BEYOND 100 IQI EPICENTRAL DISTANCE 
Regularities in large magnitude intermediate earthquakes 
preceding eruptions at epicentral distances less than 100 km are 
examined in greater detail in section E2 in which the pattern 
observed in the central New Hebrides is compared with that found 
elsewhere. Patterns, however, exist in the New Hebrides which fall 
outside these terms of reference. In particular the very active 
focal region beneath the island of Erromango deserves attention. 
In 12 out of 14 cases eruption at Ainbrym or at one of the other 
volcanoes of the central group, some 300 km to the north, followed 
within five years of large magnitude intermediate focus earthquakes 
beneath Lrromango. When the distribution of these events is examined 
111. 
with a shorter time window of 2? years, 10 out of 14  cases correlate. 
The application of a X 2 test to these results indicates, however, 
that such a result could have arisen by chance. With still shorter 
time windows a degree of significance in the associations emerges. 
Six out of iLl  of the earthquakes were followed by eruption within 
170 days (a probability of random occurrence of 4.), and four out 
of iLl within 8'3 days (probability of random occurrence c 0.8). 
These probabilities were obtained by using theX2 test after 
applying Yates' correction for continuity (see Fisher and Yates, 
1967 9 and discussion of the method in section E2). 
Thus it appears probable that large magnitude intermediate 
focus earthquakes in the Erromango area, at hypocentral distances of 
about 250 to 400 km, affect in some way volcanic activity in the 
central islands, especially at Aznbrym. This is in strong contrast 
to the persistent intermediate focus earthquakes beneath the Banks 
Islands, at an approximately equal distance from Ambrym in the 
opposite direction. In only one case out of nine is there any 
apparent correlation, between the larger of these latter earthquakes 
and eruptions in the central islands. 
A particularly interesting sequence of events occurred early in 
this century. A very high magnitude (N = 8.6) earthquake at a depth 
of about 100 km occurred near Erromango in 1910. Three years later, 
50-100 km to the south-cast, a magnitude 8.1  earthquake took place 
at a depth of about 230 km. Events then moved rapidly towards the 
great eruption of Ambrym on 6 December 1913 t 53 days later and two 
degrees to the north, via an intermediate earthquake (N = 7.5) at a 
depth of 80 km approximately midway between Erromango and Ambryin. 
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C3.3 	PHYSICAL EXPLANATION OF ASSOCIATIONS AT LARGE DISTANCES 
BETWEEN INTERMEDIATE FOCUS EARTHQUAKES AND ERUPTIONS 
It seems reasonable to hypothesize that the large concentration 
of intermediate focus earthquakes beneath the Banks Islands and 
Erromango represents increased strength in mantle material. There 
is unlikely to be a marked difference between the rate at which 
strain is applied to these areas compared with, for example, the 
central islands which lie between them. The difference in seismic 
regime is much more likely to be due to varying response of the 
mantle, due perhaps to marked differences in the volume of liquid 
magma in the two types of area. Both the Banks Islands and Erromango 
are characterised by dormant or extinct volcanoes, and only three 
relatively mild eruptions in the Banks Islands have been recorded 
in either area during this century. By contrast the central islands 
are an extremely active volcanic province, beneath which large magma 
chambers must certainly exist. Here such large accumulation of 
strain is probably impossible. 
The openness of vents in the volcanoes of the central' islands 
is suggested by the fact that it is common for all four to be in 
eruption at the same tine. Furthermore, as already pointed out in 
section C2, eruption of at least one of the volcanoes nearly always 
occurs in response to intermediate earthquakes within a distance of 
100 km. By contrast, the Banks Islands, Aoba to the south and 
Erromango certainly represent clogged vents • Thus any magma 
produced beneath these areas must either accumulate against the day 
113. 
when sufficient gas pressure exists to force an eruption, or must 
migrate .laterally to other.areas. One such possible area is the 
central islands volcanic group. 
From Erromango, however, it is much more likely that magma, 
forined,hypothetica].ly,by the stress drops accompanying large 
intermediate earthquakes, would migrate to the south, where less 
than 100 km away lies Yasour volcano on the island of Tanna. Yasour 
is practically unique in that it is constantly active and has never 
been known to vary its activity to any significant degree. Beath 
it earthquakes occur frequently at depths of 100 to 370 km. Few 
have reached magnitudes greater than 7.5. It seems probable that 
a close connection exists between intense seismic activity in the 
mantle beneath Erromango and the persistent volcanism on Tanna, and 
that magma may migrate southwards from the former to accumulate in 
the roots of Yasour volcano, supplmenting that due to melting 
beneath the volcano itself. 
C3.4 MECHANISM OF LARGE EARTHQUAK$ ASSOCIATED WITH ERUPTIONS 
Further study is desirable of the mechanism of large intermediate 
earthquakes in the New Hebrides,, especially those in the Erromango 
area and those which had an apparent effect on the volcanic activity 
in the central islands • An exanination has been made of the 
determinations reported in the Wickens-Hodgoon catalogue (Wickenc 
and Hodgeon, 1967). In most oases, unfortunately, the presence of 
alternative solutions means that one cannot state with certainty 
whether a given earthquake affected a particular volcano in a 
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compressional or tensional way. Thus the magnitude 7.2 earthquake 
of 23 July 1949 6 which seems to have been a precursor for the 
October 1949 eruption of Karua, could have caused either an increase 
in tension or compression at the volcano This case is typical. 
The magnitude 7.0 intermediate focus earthquake of 13 July 1952, 
for which two solutions are given in the Wickens-Hodgson catalogue, 
would have caused an increase in tensional conditions in the central 
islands whichever solution is adopted. This was followed by three 
eruptions in the area, Anibryxn on 10 August 1952, Karua on 3 October 
1952, and the submarine volcano east of Epi on 12 February 1953. 
Similarly, the earthquake of magnitude 7.3 on 10 March 1951, which was 
followed in August by eruption at Ambrym, would have caused increased 
tension at the volcano whichever of two solutions is correct. 
By contrast, the magnitude 8.1 earthquake at a depth of 60 km on 
:2 December 1950 1, which acted as trigger for the violent eruption 
of Ambrym four days later, undoubtedly, whichever determination is 
adopted, had a strongly compressional effect at the volcano. 
Volcanic earthquakes had been felt for several months at Ambrym 
before the eruption. The December earthquake was therefore the 
trigger, rather than the magma source or ultimate cause of the 
eruption. This latter is perhaps to be sought in the magnitude 7.1 
earthquake of 10 September 1950 at a depth of about 100 km. 
On 0 March 1960 a magnitude 7.2 earthquake occurred at a depth 
of 230 km apparently directly beneath Kara volcano. There was 
no response at Karua to this earthquake but on 10 July 1960 a 
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powerful eruption commenced at Lopevi and about the same time 
activity was also noticed at the submarine centre east of Epi. Either 
the tensional or the compressional axis of this earthquake lay 
directly in the azimuth of Lopevi. 
These examples illustrate the importance of P-nodal studies on 
large earthquakes in the region. They also emphasize the value of 
local stations in the area. Much better resolution of focal mechanism 
would have been obtained if a network of stations had existed in the 
islands at the time of these earthquakes. A relatively dense 
coverage of the central islands has now been achieved due to the 
efforts of O.ILS.T.O.M. scientists at Nouma. 
In particular, the presence of many seismograph stations in the 
epicentral region of an earthquake would enable a new and important 
theory of focal mechanism to be tested, the 'extension failure' 
mechanism proposed by Robson, Barr and Luna (1968). These Authors 
suggested that the presence of a partial melt in rocks, distributed 
as an intergranular fluid, which would flow into tensile cracks when 
the initial failure of the material occurred, would generate a 
different pattern of seismic waves than that due to shear fracture. 
Such a pattern, they believed, instead of resulting in two nodal 
planes intersecting each other, would give a pair of curved, closed 
nodal planes. Although these might almost intersect on the surface 
of the focal sphere, they would never quite do so. The presence of 
seismograph stations in the epicentral region would alone be capable 
of distinguishing such a pattern from the classical pattern due to 
shear failure. They suggested that the mechanism would be a plausible 
116. 
one both for intermediate and deep focus earthquakes, and they 
concluded that where it occurs a liquid phase must be present. 
"This", they state, "is the property of the mechanism that promises 
to be of value to volcanologists in defining the location of magma 
beneath volcanoes .......", It would clearly be of extreme 
interest.to establish whether such a mechanism occurs in the New 
Hebrides for those intermediate focus earthquakes which appear to be 
associated with eruptions. 
C3.5 CONPARISON OF SEISMO-VOLCANIC PATTERNS IN THE NEW HEBRIDES 
ARC WITH THOSE IN NEICFIBOURINC AREAS 
No study as thorough as that of the New Hebrides arc has been 
carried out in the course of the present work for the neighbouring 
areas of the Solomon and Bisinarck Islands to the north-west or the 
Fiji-Tonga-Kermadec arc to the east and south-east. Some valid 
comparisor can, however, be made. Certain similarities between 
the tectonic structures of the New Hebrides and Solomons arcs have 
already been pointed out (see section Cl). Section Fl sumaricc 
some further conclusions regarding the changing pattern of 
seismicity and volcanism in the Solomon and Bismarok Islands, and 
in New Guinea. In the present context, however, a brief description 
of seismo-volcanic patterns in the area will serve to highlight 
relationships in the New Hebrides. 
Deep focus earthquakes are comparatively frequent in the area 
of Bougainville towards the north-west end of the Solomons chain. 
Occasional deep earthquakes occur as far to the south-east as 
Guadalcanal. Intermediate focus earthquakes are also most numerous 
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in the north-west of the arc. On Bougainville a single very active 
volcano, Bagana, shows evidence of correlation between 83% of the 
large intermediate earthquakes in its immediate vicinity and 29% 
of its eruptions (see Table 8 and Table ll).* Because of the large 
number of eruptions there which cannot be correlated with large 
earthquakes, no significance can be attached to this result. As in 
the case of New Hebrides volcanoes, however, a high proportion of 
eruptions are preceded by smaller magnitude intermediate earthquakes. 
As already mentioned, no systematic study of these has been made. 
Deep focus earthquakes near Bougainville have been invoked by Blot 
and Grover (1966) and Grover (1967) as 'source' earthquakes for 
eruptions of submarine volcanoes in the New Georgia group of the 
western Solomon Islands. Evidence suggests that a similar pattern 
(see Figure 7) to that derived for the New Hebrides exists also for 
this area and scone  search' programme results indicate a complex and 
apparently random association between the deep earthquakes and the 
eruptions. As elsewhere, however, there is clear evidence of 
dependence of volcanism on precursor intermediate focus earthquakes 
and this has enabled Blot and Grover to make some successful 
predictions of eruption at these volcanoes. Savo, a dormant, c1osod. 
vent s Pel6an type of volcano north-west of Guadalcanal has not as 
yet reacted to the rather infrequent intermediate earthquakes in its 
immediate vicinity. 
The Fiji-Tonga-Kermadec arc s separated from the New Hebrides by 
a probable transform fault (Isacks, Oliver and Sykes, 1968) and 
Footnote:- See discussion in Section E2. 
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lying more than 1000 kin to the east, exhibits extremely powerful 
deep earthquake activity, amounting to more than 37% of the world 
total in terms of energy release (see Table 1 and discussion in 
section Bl). Moderate volcanism, much of it submarine, takes place 
in the outer arc of the Tonga and Kermadec Islands, but in general 
shows little relationship with the deep earthquakes. As elsewhere, 
some good correlations are observed between intermediate earthquakes 
and eruptions at volcanoes in their immediate vicinity, although 
many of the associations can be attributed to chance (see Tables 7-11 
and section E2). No reliable evidence of a causal connection between 
activity in the deep Fiji zone and seismicity or volcanism in the 
New Hebrides has been detected, 
C3.6 CONCLUSION: TYPES OF PRECURSOR EARTHQUAKES FOR VOLCANIC 
ERUPTIONS 
In conclusion, therefore., a high degree of interdependence 
between volcanic eruptions and intermediate focus earthquakes can 
be detected in the New Hebrides. Intermediate earthquakes occur 
widely in the New Hebrides, perhaps representing formation of magma 
beneath most of the arc. Not only large magnitude events in the 
immediate vicinity of a volcano but also those at distances of the 
order of 200-400 km appear to have a marked effect on volcanism. Two 
kinds of relationship between earthquakes and eruptions can be 
distinguished. 
In the first, a large magnitude intermediate focus earthquake 
precedes eruption by a period of several months, occasionally by 
several years. Such an earthquake is essentially causative and can 
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perhaps be considered as a source of magma for the impending eruption, 
either by direct supply in the case of an earthquake in the roots 
of a volcano, or by the readjustment of stress in its direction; 
such readjustment might either allow magma to migrate in that 
particular direction, or it might cause melting of rock at a 
distance in the volcano's roots. The process is a gradual one. As 
magma intrudes into the upper levels of the crust swarms of volcanic 
earthquakes occur, and finally eruption takes place. 
In the second kind of relationship, a triggering relationship, 
a large earthquake takes place, often at considerable distance, 
when a developing sequence of rising magma and sLiall volcanic 
earthquakes is already well under way. Such an earthquake is 
commonly not as deep as the typical example of the first kind, which 
usually takes place at 100-200 km focal depth. Eruption usually 
follows quickly, within a niattoDof days. The effect of the second 
kind of earthquake is to change the stress pattern at a volcano, 
usually at least 100 km away,, and thereby to hasten impending 
eruption. 
It is interestin.g that the evidence at present suggests that 
earthquakes having a tensional effect at a volcano generally serve 
as causative earthquakes of the first kind, whereas triggering of 
eruption seems to occur with those having a marked compressional 
effect. One would certainly expect that tensional conditions and 
reduction in stress would be necessary before melting of rock could 
occur, given constant temperature but one might also expect that 
tensional conditions would assist magma to rise and erupt at the 
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surface. However, at least in the case of the December 1950 
eruption of Ambrym, the squeezing effect of an increase in 
compression seems to have initiated eruption. 
Improvement of the existing data could best be carried out by 
an extensive study of focal mechanism in the area together with 
recomputation of large intermediate focus earthquakes using the 
Joint Epicentre Determination programme (Douglas, 1967). Calibration 
of source and path corrections to seismograph stations outside the 
area is also highly desirable. This problem is discussed in some 
detail in section Dl and is mentioned also in section G3. 
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D. NETWORK-ARRAY CONCEPT AND ITS APPLICATION IN SICILY 
"It is rarely that a geologist catches a hill in the act of 
forming, 	Vt S... 
Hugh Miller, chapter II, p. 52 9 
'The.Old Red Sandstones, 1841: 
(Everyman's Library, No. 103, 
J.M. Dent & Sons Ltd., 1906) 
•1 
4. 	o 
Dl THE NETWORK-ARRAY METHOD OF STUDYING SEISMICITY 
Summary 
The assumption inherent in the use of standard travel-time 
tables, without azimuthal source, path and station-corrections, 
that wave-velocities are uniform in all directions, is manifestly 
false and leads to locations which are incorrect by an unknown 
amount. Even the recent travel-time tables of Herrin et aL (1968), 
although much improved by the inclusion of azimuthal corrections 
due to Longsho  and other artificial explosions, are inadequate 
in this respect. 
The determination of hypocentres within the area of a good 
network of local stations can be greatly improved by the use of 
velocity filtered records at an array station. This allow8 an 
accurate estimation of pP-P intervals, and hence of depth of focus 
for earthquakes which record with clear first onsets. With depth of 
focus fixed by an array station, epicentre and origin-time can be 
very accurately determined by a local network. 
It is considered that this method is the best available, short 
of using artificial explosions, for the determination of 'absolute' 
hypocentres which can be accurately correlated with tectonic 
structures on other than a very broad scale. Such hypocentres would 
be of particular value in the study of stress patterns in earthquakes 
that have had an apparent effect on volcanic activity. 
Dl.l INTRODUCTION 
Present methods of determining earthquake hypocentres are 
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insufficiently accurate for reliable studies of space-time 
relationships between earthquakes, nor do they permit accurate 
correlation between seismicity and tectonic structures. In view of 
the evidence presented in section C that certain classes of 
earthquakes bear a causal relationship to subsequent eruptions, and 
because it has been shown that focal mechanism is of the greatest 
importance in defining changing stress patterns which affect processes 
of volcanic eruption s it is clear that it is becoming increasingly 
important to know precisely where the focus of an earthquake is. 
At present, earthquakes are not located in their true positions, 
since the method of computation depends on the uniform application of 
a set of travel-time tables in all azimuths. In reality, as 
demonstrated by the nuclear explosion 'Longshot' (29 October 1965), 
seismic waves travel at different speeds in different directions. 
Furthermore, for any epicentre, these differences probably vary with 
variations in the depth of focus. Even the recent improvement in 
published travel-time tables (Fierrin et al, 1968) is certainly not 
capable of yielding sufficiently accurate hypocentres for detailed 
correlations to be made with tectonic structures. 
Up to the present, it has not been possible to escape from the 
basic limitation that the origin-time and dopth of an earthquake are 
always determined together as part of the least squares, best fit, 
procedure. Until depth and origin-time can be determined 
independently of one another, it is inherently impossible to derive 
absolute hypocentres, since an earlier origin-time can be obtained 
by increasing the depth of focus, and vice versa. 
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Previously, attempts to fix the depth of focus have relied on 
observations of pP at teleseismic ranges, on observations of PKP at 
very distant stations, and on the best fit of near with distant 
first arrivals of P. Since all observations were made from single 
component records there was considerable danger of misinterpretation 
of phases, which in some cases may even have been due to signal-
generated noise*. 
Dl.2 THE USE OF ARRAY STATIONS IN FIXING ABSOLUTE HYPOCENTRES 
Now, however, using velocity-filtering of array records, it is 
possible to obtain thoroughly reliable pP-P intervals**. Depths 
derived from these for a single earthquake usually vary by at least 
10-20 Km at different array stations. This is due either to 
variation in wave velocities for the surface-reflected pP path with 
respect to the deeper direct path of P. or to. the fact that one is 
dealing with an inclined source which does not approximate to a point. 
Footnotes: * See Key (1967). 
** Experiments to test this concept have been carried out 
at the U.K. Atomic Energy Authority, Seismology Unit, Blacknest, 
Brimpton, Berkshire, both by the staff of the Unit and by myself in 
the course of several visits since 1964, Some of the results are : 
presented in section D2. An improved method is now being developed 
at Blacknest (D. Corbishley, P.D. Marshall, personal communications) 
whereby instrument response and as far as possible the effect of 
local structure is removed from the recorded signal. One result of 
this 'cleaning-up' process is that pP can generally be identified 
with confidence, even in the case of shallow earthquakes. 
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The first of these is inherently the more likely explanation, 
since it is probable that the waves radiated by all but the largest 
magnitude earthquakes originate in what closely approximates to a 
point source. In general, this explanation is sufficient to account 
for the observed differences, since the variations in crustal 
velocities in regions which generate earthqua3ces are often of the 
order of 2 - 3 Km/sec. 
Figure 15 i1lutratcc the differences in apparent depth of 
focus observed at the four U.K. Atomic Energy Authority array 
stations and at one of the temporary seismic stations set up by 
Edinburgh University in Sicily (see Latter, 1968), for an intra-
crustal earthquake of body wave magnitude about 5.5 in the eastern 
Caucasus. 
Figure 16 illustrates a possible structure near the epicentre of 
this earthquake which would account for the observed slowing down of 
pP relative to P (and hence for the observed increase in depth of 
focus) along the paths to Warramunga and Gauribidanur. 
For most regions an estimate of the likely differences in 
pP-P intervals can be obtained from a study of the corrections on 
the Jeffreys-Bullen (1967) tables for P arrivals at seismograph 
stations in the vicinity of the array stations, when these are known. 
A refinement on the best available pP tables (Jeffreys and Shimshoni, 
196) could be obtained by detonating an explosion large enough to 
be well recorded at teleseismic distances, at or near the reflection 
point of pP on the path to an array station*. 
*J'ootnote: Dr 11.1.5. Thirlaway (personal communication) believes that 
a minimum of 30 tons of explosive would be required. 
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This is illustrated in Figure 17 for the case of a deep earthquake 
at a typical focus in the Lau Islands, Fiji. The reflection points 
are shown for the pP wave travelling to each of the array stations 
within 100 degrees epicentral distance. Because the area over which 
pP is effectively reflected is of the order of 100 Km in diameter 
for a deep earthquake, a single explosion would be enough to calibrate 
all the North American array stations. 
In most cases it is prcbably best to choose the value for depth 
of focus given by the nearest array station beyond a distance of 
about 25 degrees in the azimuth least affected by any marked tectonic 
or major seismic zone. Computation should then be held to this 
depth of focus, which, with the observations of first arrival at a 
good network of near stations, will then yield an origin-time. 
Providing the earthquake lies within the area covered by the network, 
its epicentre can be accurately determined using only the network 
stations. Variations in crustal velocities within the network should 
be established, where possible, by timed explosions, but, unless 
velocities vary abnormally in different azimuths, the epicentre will 
be determined to a high degree of accuracy when the number of network 
stations is large. Errors in absolute velocities will be taken up 
by an error in the origin-time, but are unlikely to be significant. 
For earthquakes within a network, therefore, hypocentre and 
origin-time can be uniquely determined using only the stations of 
the network and an array station at a suitable distance on an azimuth 
along which no great tectonic disturbance of the wave path occurs. 
A B EPICENIRE C D E 
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Fig. 17 	Reflection points for pP travelling to the array stations within 100 degrees epicentral 
distance from a typical deep focus in the northern Lau Islands, Fiji. 
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Arrivals to all other stations are in the nature of empirical 
travel times which include source, path and station corrections. 
By further study of variations along different azimuths and at 
different distances o these corrections can usually be separated 
from each other. 
Cprrections so obtained can be used to recompute old events 
when reliable pP-P intervals are known. Results will of course be 
less accurate than those that make use of velocity-filtered array 
recordings. The method of combining first class local data with 
that obtained at a few array stations at teleseismic distances thus 
appears capable of establishing hypocentres which are as near as 
possible correct for earthquakes within the mantle (those that 
normally give sharp first arrivals at teleseismic distances) of 
magnitude m greater than about 4.8. This combined network-array 
method, it is considered, offers better prospects of determining 
both accurate hypocentres and azimuthal corrections in the travel 
times to other seismograph stations than is otherwise available, 
except by the use of large artificial explosions. 
The method,as applied to earthquakes recorded by the Acolian 
Islands network, is described in section D2. A typical array record 
used to fix the depth of an earthquake is also discussed in this 
section, and is illustrated in Figure 19. 
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D2 THE NETWORK-ARRAY METHOD APPLIED IN THE 
LIPARI NETWORK, AEOLIAN ISLANDS, SICILY 
Summary 
The network set up in the area of the Aeolian Islands, 
north of Sicily, is described. 
Earthquakes in the immediate area of the network and in the 
neighbouring area of Greece have been studied in detail, and in 
many cases recomputed, using reported data of worldwide stations, 
data from the network and arrivals specially read on velocity-
filtered records of the U.K.A.E.A. array stations. 
Although no internatLonally determined opicentres were 
located within the area of the Aeolian Islands network during the 
period of recording, the 'network-array' method of determining 
hypocentres has been used to recompute a number of Greek events. 
Some conclusions are drawn, particularly with regard to the 
detection threshold of the array stations, which is shown to have 
exceeded, in the case of the Gauribidanur array in India, its 
capability as estimated by Buroh (1969). 
D2.1 INTRODUCTION 
As a test of equipment and in order to make a short-term 
detailed study of the seismicity of an active volcanic region, a 
network of radio-linked seismometers recording on magnetic tape 
was installed and operated for the period 25 March - 28 April 1966 
in the area of the Aeolian Islands, north of Sicily. This work 
132. 
was carried out by the Seismology Group of Edinburgh University, of 
which I was then a member, in collaboration with the Institut 
International de Recherches Volcanologiques (I.I.R.V.), 
Following the success of the initial project, equipment was 
reinstalled and commenced working in June 1967 under the direct 
control of I.I.R.V., with C. Blot as resident station director. 
Storm damage caused suspension of recording between November 1967 
and April 1968, but it was resumed in late April and continued 
until October 1968.* Equipment was finally withdrawn, in April 1969. 
A detailed study has been made of the initial period of 
recording, in March-April 1966; see Latter (1968). Local and near** 
earthquakes recorded during this period are discussed in detail in 
section D3. In the present section discussion is confined to 
the relatively few teleseismic observations of these local and 
near earthquakes which were obtained from array recordings and other 
sources, and to a study of the regional earthquakes recorded by 
the network. 
*Footnote:_ An unpublished report by C. Blot, dealing with the 
seismicity 'of Vulcano during the second and third periods of recording, 
has recently been issued by O.R.S.T.O.M. and I.I.R.V. 
**Footnote:... The terms 	 and regionalt  are defined here 
as follows:- 'local' = events at epicentral distances less than 30 Km; 
'near' 	those at epicentral distances of 30-375 Km (about 0.3 - 
3.4 degrees); and 'regional' = those between distances of 3.4 and 25 
degrees, beyond which events are referred to as 
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D2.2 cONFIGuRATIoN OF THE NETWORK AD INSTRUMENTATION 
During the period March-April 1966 recordings were made from 
a total of 10 sites, a maximum of seven being in operation at any 
one tixiie. Seismic signals were telemetered by radio and recorded 
on magnetic tape at a central station on Lipari Island, from 
outatations in the Aeolian Islands, on the Sicilian mainland, and 
in Calabria, over distances between seven and 98 Km. The positions 
of seismometers are shown in Figure 18. 
The data-acquisition and recording system used is that 
described by Parks (1966). Basically it consists of a Willmore 
Mark II seismometer as the pick-up unit, a line of sight V.H.F. 
radio-link using a frequency near 168 megaoycles, and an analogue 
magnetic tape recording system. Satisfactory recording over 
distances as great as 98 Km was achieved, without any sign that 
signal strength was beginning to fall off at this range. Experiments 
carried out later with the same equipment in Fiji, as the first stage 
of the proposed field recording mentioned in section G3 (see Latter 
1969) showed that satisfactory recording would be possible at least 
over a tested 142 Km (six Km greater than the theoretical maximum* 
for this particular pair of stations). 
*Footnote: The theoretical radio horizon in miles, H D 1.4j—xs(11) 
where x is the height of the aerial in feet above sea level. The sum 
of these quantities for two stations accordingly gives the theoretical 
maximum distance between paired points over which satisfactory 
transmission ought to be achieved. From this it follows that a minimum 
value for x, in feet, in order to achieve a range H in miles 
I 
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•in the network operated in March April 1966. 
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Although loc1 cond3tions and the proximity of the sea gave in 
general high background noise over most of the area, absolute 
magnifications after playback averaged half to one million, and under 
favourable conditions and over short intervals magnifications as 
great as five and a half million were achieved. Very small signals 
could thus be analysed during transient periods of reduced 
background noise. 
The positioning of seismoineters in the network was governed 
by the following considerations:- a) as wide a network as possible 
was set up in order to give as accurate a measure of the seismicity 
of the northern coast of Sicily, the Aeo].ian Islands and southern 
Calabria as could be achieved with existing lines of sight: 
b) all active volcanoes were monitored with at least a single 
station, and in view of the interest and importance of small 
earthquakes beneath the dormant volcano, Gran Cratere, Vulcano, a 
denser network of stations was established in that area: c) practical 
considerations of access modified the ideal arrangement of stations to 
some extent, 
The resulting network fulfilled most of the requirements chosen. 
The two active volcanoes, Stroxnboli and Etna, were each instrumented 
with a single station, and the dormant centre on Vulcano with three 
stations in the immediate vicinity (see figure 10). High winds and 
difficulty of access precluded the possibility of putting more than 
one station on Etna: as it was, difficulty was experienced in 
finding an accessible site sufficiently high on the north side of 
the mountain for line of sight radio communication to be achieved, 
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An attempt to put a station near the sunimit of Stromboli failed 
because it proved impossible to obtain the services of any of the 
local inhabitants with portage of lead-acid batteries. The 
establishment of stations at Capo Vaticano in Calabria (CV6), 
Campone near Messina (cM6) and at the geophysical observatory at 
Gibi].manna (SG6) ensured wide coverage of the area.. Two attempts 
were made to place a station on the island of Alicudi, which would 
greatly have improved the configuration of the network, but this 
proved impossible owing to a combination of instrumental malfunction, 
bad weather t and difficulty with local landowners. 
D2 .3 .USEQF DATA .QQER $TAT)ONS 
A principal aim in the setting up of an extended network of this 
kind is the comparison of the data on near earthquakes obtained by it 
with the origin-times and hypocentres calculated from arrivals at 
more distant stations. Particularly interesting results can be 
obtained by the integration of results from two or more networks in 
a restricted area with each other, and by the integration Of a 
local network's data with data derived from array stations at 
teleseismic distances, following the methods outlined in Section Dl. 
Both these lines of approach have been followed out, the first 
using the Sicilian network in combination with the Greek network of 
stations (the two regions are distant four to ten degrees from one 
another); and the second using the Sicilian and Greek networks in 
combination with the four array stations operated by the U.K. Atomic 
Energy Authority (U.K.A.E.A.) in Scotland, Canada, India, and 
Australia: these are respectively the Eskdalemuir, Yellowknife, 
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Gauribidanur and Warraumnga arrays • The records were processed as 
described below and were read by me. 
Detailed results of computations carried out, using data from 
these sources together with that reported by other stations to the 
U.S.C. and C.S. and the I.S.C., are to be found in the Seismological 
Bulletin (Latter, 1968). Data from the U.S. array stations were 
included but no new readings were made from their records. 
Computations have been carried out on an Atomic Energy Authority 
computer at Aldermaston using the programme written by Flinn (1965). 
Generally, two runs have been carried out, the first unrestricted, 
and the second restricting the parameter of focal depth to the 
average value obtained as a result of analysis of the array station 
records. Estimates of the accuracy of each determination are given 
in the Bulletin in terms of percentage confidence that the true 
epicentre lies within a 500 Km square area centred on the position 
given. 
D2.4 CONTENT AND USE OF RECORDINGS FROM THE U.K.A.E.A. ARRAY STATIONS 
The method of display of the signals from each seismometer in 
the U.K.A.E.A. arrays, devised and used as a routine by the 
Seismological Unit of the Atomic Energy Authority, consists of a 
suinmatior with lags, which is calculated on the basis of the azimuth 
and distance of the epicentre, as determined by the U.S.C. and G.S. 
or by some other Agency, and the expected phase velocity across the 
array. The signals are filtered in a variety of ways and are cross-
correlated; that is to say, the sum of one line of the array, which 
is in the form of a cross, is multiplied by the sum of the other,. 
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after'appropriate lags have been introduced. Figure 19shows the 
routine way of displaying the resulting signal. 
In this figure the first seismic trace shows a single seismometer 
unfiltered: the second the sum of all seismometers unfiltered. 
The third, fourth and fifth traces display the sum of all seismometers 
with three different filter settings. in the sixth and seventh traces 
the sum of all seismometers in one line is multiplied by the sum of 
all in the other and the results displayed using two different filter 
settings.. One cross-correlated sum is plotted in the positive sense 
(the sixth trace), and the other in the negative, This gives a 
visual impression of the degree of correlation, which may be broadly 
thought of as the genuineness of the arrival of each phase, at the 
expected phase velocity, from the prescribed distance and azimuth. 
For perfect correlation the traces should deviate in opposite 
directions from the mid-line s without showing any tendency to 
transgress the line. 
Finally., (the, lowest trace in Figure 19), the cross-correlated 
signal, filtered at 1-2 cycles per second, is smoothed and displayed 
as the integration of energy under the curve. A strong positive 
signal rising from an undisturbed baseline indicates a well-correlated 
signal arriving from the expected distance and azimuth at the expected 
phase velocity. With increasing background noise the baseline 
becomes more and more disturbed, but the onset of peaks can be much 
more reliably observed on such a record than on simple summed traces, 
or, of course, on single traces. 	 . 
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TIME IN SECONDS 
I1IIIIjIII , ,lIIlllI 	lllIIlIllIll 
(05 Volt :1cm) SIngle seismometer RI unfiltered 
(5 Volts :1cm) Sum of all seismometers unfiltered 
(2 Volts = 1 cm) Sum of all seismometers, filtered 1/2-4HZ. 
/ 
(2 Volts .1 cm) Sum of all seismometerg.f,ltered 1-2HZ. 
(4 VOS1C) Sum of all seismometers, filtered 12-1 Hz. 
--- 
• 0 Wt :1cm) Cross-correlated sum, filtered 1-2 Hz. 	_4Jjfif \J1j 	f J1[. , 
(1 tt.1crn) Cross-correlated sum filtered "2-1HZ. 
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Eorthquolie of magnitude m. 48 7Apr11 1966, Greece, 
376'141, 211E, Pi. 36km., H0  90325463; recorded at Yellowknlf. 
Array Station, Canada, at o distance of 739• azimuth. 352': 
Øose viloclty. 191 km/sec. 
Fig. 19 Example of processed array station record: earthquake of .' 
magnitude m 	.8 in Greece, 7 April 1966 9 recorded by 
the tJ.K.A.E.A. array station at Yellowknife, Canada, at 
a distance of 74 degrees. 
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The recent paper by Key (1967), already mentioned, points up 
very clearly the unreliability of using late arrivals if their 
directions of arrival and phase velocity are not determined. Random 
or signal-generated noise may greatly confuse a trace written by a 
single instrument, so that readings of a. late arrival like pP may be 
totally unreliable. Figure 19 shows the sort of improvement that 
can be obtained when. pP is read on an array record which has • been 
subjected to analysis of this kind. 
In practice, after examination of a large number of records, 
it has been found that pP shows up well in the majority of cases on 
cross-correlated smcothed seismograms, as a small peak of very 
similar appearance to the first P arrival; thus, accurate pP-P 
intervals can be obtained. Resulting depths of focus are determined 
from the Jeffreys-Shimshoni tables (196 14), and an average value of 
array-determined pP-P intervals is taken for each rtak. It 
is generally found that values.obtained at individual array stations 
agree well with one another, the differences being probably a true 
indication either of regional divergences in propagation velocities 
from the values used in the tables, or of extended focal areas from 
which signals originated in different azimuths at slightly different 
depths; see Figures 15 and 16. 
22,5 ANALYSIS OF EARTHQUAKES RECORDD BY THE AEOLIAN ISLANDS NETWORK, 
USING, DATA.. OF OTHER STATIONS 
Using the methods described above a total of 11 earthquakes in 
the regional and teleseisinic range of distance from the Aeolian 
Islands network were recomputed with depths of focus fixed by array 
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station readings. Seven of these 11 earthauakes gave a better 
result with depth of focus fixed in this way than with unrestrained 
computation: the array-determined depths for these seven ranged 
from 26 to 57 Km. In the remaining four cases a wide discrepancy 
was apparent between the depths of focus which gave the best 
results in computation and those determined by array recordings, and 
clearly the phases were wrongly identified as pP on the cross-
correlated records*: they may in fact have been initial P phases of a 
second earthquake from the same focus, or 'break-out' or fstoppiflg 
phases (see Savage 1965). It is probable that only the most thorough 
analysis of array recordings, by removing the effects due to crustal 
structure at the source and station, and the response due to 
instrumental characteristics from the record, is capable of 
distinguishing a surface reflected pP from a 'break-out' or 'stopping' 
phase (D. Corbishley and P.D. Marshall, personal communications). 
Footnote:- A clear case of misidentification seems to be the 
Turkish earthquake (number 1/098R in Latter 1968) of 27 April 1966. 
Unrestrained computation yielded a depth of focus of 76 + 9 Km for 
this earthquake, with a 91% level of confidence that the epicentre 
lay within a 500 K'n2 area. A phase, however, interpreted as pP, 
gave depth of focus of 27 Km on the Gauribidanur record, and 
29 Km on the Yellowknife and Eskda].einuir records. With depth 
restrained to 29 Km, the confidence level for a 500 Km 2 area fell 
to 80%. 
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One of the principal objectives of the Aeolian Islands network 
was to test the 'networkarray' concept by analysis of a large 
earthquake within the area of the network. This, however, was not 
achieved. During the initial period of recording no internationally 
determined epicentre was located in the area of the network. During 
the second and third periods of recording (June-November 1967 ) and 
April-October 1968) seven epicentres in the general area of the 
network were reported by the U.S.C. and G.S. or by B.C.I.S. 
Unfortunately, however, staffing difficulties experienced by I.I.R.V. 
during both periods, together with instrumental malfunctioning, 
greatly reduced the size of the network that was established, and as 
a result adequate coverage of these seven events could not be 
obtained. The 'network-array' concept in its ideal form has thus 
not been tested by the Aeolian Islands network. 
The results, already mentioned, of recomputing regional events 
in Greece and the lonian Sea, employing the stations of the Greek 
network to supply local data, have, however, been encouraging. Not 
only were seven locations out of a tota] of 20 recomputed regional 
events markedly improved by restraining depths of focus to the values 
suggested by array station recordings, but also in several cases the 
form and structure of the P signals recorded at the arrays indicated 
unusual conditions at the focus. Thus recordings made at 
Eskdalemuir and Gauribidanur of the earthquake in western Greece on 
3 April 1966 indicate unusually gradual release of energy in this 
earthquake (see number 1/017R in Latter 1968). 
The data reported in the Seismological Bulletin, (Latter 1968) 
lt 3 
include much information on ground half-peak-to-peak amplitudes and 
frequencies of phases recorded, both on seismograms of the network 
and on a large number of array recordings., Where possible a 
magnitude was determined for each earthquake at each station. For 
earthquakes in the 'local' and 'near' categories (epicentral 
distances less than 3.4 0 ) a magnitude on the ML (Richter local scale) 
was determined, and for 'regional' and 	 events a body- 
wave magnitude (m) and/or a surface wave magnitude (N), • A, 
particularly interesting range of epicentral distance for magnitude 
determinations lies between 5.00  and 5.4. Within this range both 
body-wave and local magnitudes can be determined and directly compared. 
This was doris for a number of earthquakes in Greece. Results, 
however,.are too few to warrant the drawing of any conclusions. 
Array recordings at Eskdalemuir, Gauribidanur and Yellowknife 
were processed and examined for all 'local' and 	earthquakes 
of magnitude m 2.3, and for all 'regional' events of magnitude 
m 	.0, together with a few below this level. This work was. 
carried out at the Seismology Unit of the U.K.A.E.A. at Blacknest, 
and thanks are due to the Director and staff of the unit for the 
facilities that were provided, particularly to Mr A.Fawcett who did 
much of the hard work of playing out records. In addition to 
earthquakes in the vicinity of the network and in Greece, a special 
study was made of earthquakes in the New Hebrides Islands recorded 
by the network. With an epicentrai distance of about 148 degrees, 
PKP from New Hebrides earthquakes recorded exceptionally well in the 
area. Records of the Warramunga array station were used to fix the 
lL;t1.. 
depth of these events, and in one out of three recomputations 
(using worldwide data) an improvement in the confidence level of 
the hypocentre was achieved by using restrained data. The network 
also obtained very clear records of earthquakes in the Kodiak 
Island region of Alaska, at an epicentral distance of about 
80 degrees. Although none of these Alaskan events were recomputed, 
network readings are given in the Bulletin. Conclusions drawn from 
the search for small Mediterranean earthquakes on the array station 
records are given in the following subsection. 
D2.6 CONCLUSIONS CONCERNINC THE SENSITIVITY OF THE U,K.A.E.A, 
ARRAY STATIONS TO EVENTS IN THE CENTRAL MEDITERRANEAN 
The most important single factor in determining whether an 
earthquake of a given magnitude will be recorded at one of the array 
stations, apart. from the general level of magnitude of the shock, is 
its radiation pattern. Great differences in ground amplitude of 
phases were observed for 'local', 'near' and rgiona events 
recorded at stations of the Aeolian Islands network. To some extent 
observed differences were explicable in terms of bedrock and local 
structure at individual stations: thus, for example, the station 
VL6 characteristically gave greater amplitudes than the nearby 
station PV6 (see Figure 18 for positions of stations, and Latter 
(1968) for a description of bedrock conditions and recorded 
amplitude data). In general, however, no marked trends could be 
found in the data and it was concluded that the observed differences 
were principally due to the radiation patterns of the earthquakes. 
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The saje effect is noticeable tthen it cones to dealing with 
7the array recordings. Thus the cases, reported below, in which 
earthquakes of very low magnitude were recorded at teleseisrnic 
distances, were certainly due to propagation of energy along 
preferred directions. The earthquake recording with the lowest 
magnitude on the Greek or Aeolian Islands networks, which was 
picked up at one of the array stations, was the event of 
magnitude in = 2.7 near the north coast of Sicily (number 1/038LN 
in the Bulletin). This earthquake, which recorded well at two 
network stations at 18 and 27 Km distances, giving a local magnitude 
1.2 at each, but only poorly at the station SG6 at a distance of 
92 Kin, was picked up at Eskdalemuir at a distance of 20.8 degrees. 
Four and possibly five other earthquakes of local magnitude 
ML < 3.5 (in 	< 	14.14) were detected at teleseismic distances. 	They 
were as follows:- 
Deith 
Number in 
Bulletin Date Location 
of 




1/020 N 14/4/66 S. of about 2.2 3.5 Mould Bay? 63.00 
Messina 12 Km 
Straits 
1/071 UI 20/4/66 Off Cefalu, LeO Km 2.5 3.7 Cauribidanur 60.6 
Sicily 
1/019 N 14/14/66 Aeolian Is. 55 Km 2.7 3.8 Gauribidanur 60.50  
1/100 N 28/4/66 lonian Sea, <5 Km 3.0 4.0 Yellowknife 73.10  
E. of 
Siracusa 
1/014 N 2/4/66 S.E. of about 3.3 14.2 Yellowknife 73.40  
Sicily 12 Kin 
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In the last four cases in the table the other U.X.AIE.A. array 
records were searched, with the exception of Warramunga, which is 
too far away, and yielded negative results. In the case of the 
first earthquake listed, a reading at Mould Bay in Canada has been 
associated by the I.S.C. 'station-sort' programme (Mr A.A. Hughes, 
personal communication) with the Sicilian epicentre. For this 
earthquake, the Eskdalemuir array record was searched but no 
convincing signal could be detected: for various reasons discussed 
below, the association is extremely dubious. 
The five cases listed above, together with two Greek events of 
magnitude m = 14.6 and *4.6 9 which were recorded at Yellowknife and 
Eskdalemuir, comprise about half of the earthquakes in the 
magnitude range ML = 2.2 - 14.0 (in = 3.4 - 4.8) during the period in 
the vicinity of the network. Six other earthquakes in the same 
magnitude range which were only barely or not at all recorded at 
the array stations were as follows:- 
Number in 	 Depth of 	ML Bulletin Date 	Location 	Focus in 	Remarks 
1/026 N 	6/14/66 Stromboli Is. 
1/036 N 	7/4/66 Western Sicily 
1/083 N 24/14/66 lonian Sea 
1/101 N 28/4/66 S. of Messina 
Straits 




about 2.7 3,9 5 Km 
? slightly 	2.5 3.6 
>33 Km 






Location 	Focus 	ML 	rn 	Remarks 
1/088 R 	25/4/66 Western 	50 Km 	3.6 - (4.7) 
Peloponnese 	 4.0 
Range of 




1/092 R 	25/4/66 Western 	shallow 	3.7 	 Trace only, 
Greece (negative (Athens) Gauribidanur. 




It is clear from the evidence presented above that the magnitude 
threshold of earthquakes in the region detectable at the U.K.A.E.A. 
array stations varies widely according to the radiation pattern of 
the earthquakes. A comparison of local network data in Sicily with 
array station data shows that occasionally array stations recorded 
earthquakes that gave signals of the order of only 100-150 millimicrons 
at the stations in the immediate vicinity of the epicentre (for 
example, the Eskdalemuir recording of earthquake number 1/038 LN in 
the Bulletin, or the Gauribidanur recording of number 1/071 LN). A 
reliable threshold of detectionfor Greek earthquakes lies at about 
ML = 4.0 (m 4.8), with Eskdalemuir detecting the majority of events 
down to ML 	3.8 (m = 4.7). 
For earthquakes in the area of Crete the array stations showed 
a detection capability comparable to that of the Aeolian Islands 
network (at a distance of seven to eight degrees from Crete). Many of 
the earthquakes in this area take place at depths of 100-200 Km and 
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give clear first onsets. A good example of detection of a low 
magnitude earthquake at this range is number 1/056 R in the Bulletin. 
This event, of magnitude ML = 4.0 (m 	L8), at a depth of 100 Kin, 
north of Crete, was recorded clearly but with low amplitudes on 
the stations of the Sicilian network and very comparably by 
Eskdalemuir and Gauribidanur array stations. Events in the 
Dodecanese Islands and the eastern Mediterranean (beyond a distance 
of nine degrees from the Sicilian network) were recorded much better 
by the array stations than by the Sicilian network. 
An examination of the data was made in order to discover 
whether there was any dependence of the detection threshold on the 
depth of focus of an earthquake. It was concluded, however,that 
there was no evidence in the events studied of any such dependence. 
The magnitudes of the smallest events detected and the largest 
events not detected at the array stations, over three depth ranges 
were as follows:- 
Depth range 
Superficial 
(h 	5 Kin) 
Intra-crustal 
(h5-35 Kin) 
Largest event not detected 
1/026 N(m3.9):1/036 N(m3.9) 
1/092 R (in = 47)  
Smallest event detected 
1/100 N (m.7) 
1/038 LN (m2.7) 
Sub-crustal 	1/088 R (m t 4.7) 	 1/071 LN (ni3.7) 
(h ' 35 Kin) 
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In conclusion, therefore, it has been shown that under 
favourable circumstances signals from extremely small magnitude 
earthquakes may propagate in optimum directions, as defined by the 
radiation pattern, to considerable distances. An earthquake as 
small as m = 247 (ML = 1.2) was recorded at Eskdalemuir array at a 
distance of 20.8 degrees. Much more surprisingly, an earthquake of 
magnitude in = 3.5 (ML : 2.2) may have been recorded at Mould Bay at 
a distance of 6360 degrees. This latter case cannot be accepted 
with confidence since the phase arrival was read on a single 
instrument only and did not necessarily correspond to the distance, 
azimuth and phase-velocity appropriate for Sicily. Nevertheless 
the very low residual (+0.2 seconds) of this arrival against the 
locally determined epicentre and origin-time indicates that there 
is a possibility that the observation was correctly associated with 
this earthquake (an intra-crustal event south of the Straits of 
Messina).* 
Observations of much greater certainty were those of sub-
crustal earthquakes of magnitude in = 37 and 3.8  at Gauribidanur 
(at a distance of about 60 degrees), and of intra-crustal earthquakes 
of magnitude in = 40 and 4.2 at Yeilowknife (at a distance of about 
73 degrees). Burch (1969) has published an estimate of detection 
capabilities at the four U.K.A.E.A. array stations. His figure. 10, 
drawn up on the basis of 1-2 Hz filtering, plots minimum body wave 
*Footnotel See below, however. A microfilm copy of this record has 
been examined and the reported signal does not appear convincing. 
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magnitude detected against epicentral distance. The Yellowknife 
observations mentioned above fall well above the minimum detection 
capability of the array, which, for an epicentral distance of 
73 degrees; under the quietest conditions, can detect events as 
low as magnitude m = 3.7. For GauribIdanur, however, the detection 
threshold at a distance of 60.5 degrees is given as m = 4.0. The 
two observations of in = 3,7 and 3.8 represent a considerable 
improvement on this figure and approach the smallest magnitudes 
recorded at Yellowknife (a considerably more sensitive array) for 
the same distance range. The Mould Bay observation 3 mentioned 
above, falls well below the detection threshold for Yellowknife 
(and the other arrays). It is thus extremely unlikely that it 
represents a genuine arrival from the area of Sicily. 
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D3 SEISMICITY IN THE CONTEXT OF VOLCANISM, 
AEOLIAN ISLANDS, SICILY 
Summary 
Small tremors recorded during March-April 1966 were examined 
in detail for the Lipari-Vulcano area of the network, with 
particular attention to the frequent small shocks of volcanic 
origin which occurred near Gram Cratere, Vulcano. Larger events 
are described for the area of the network as a whole. 
Four classes of tremor have been identified as occurring at 
Gram Cratere, and these are examined in some detail. An unusual 
type of sinusoidal tremor was identified as originating from the 
main group of fumaroles on the northern rim of the volcano, some 
200-300 metres south of station VL6 of the network. The three 
other classes were identified with processes of magma intrusion in 
the upper levels of the volcano. Thus an approximate picture of 
the process of magmatic gaseous stoping beneath the volcano has 
been derived. 
Some comparisons of the rates of seismic energy release were 
made between Vulcano, Stromboli and Etna. Hourly energy release 
at Strombo]i was estimated as about 5 x 1010  erge (10,000 times 
the value at Vulcano), and at Etna, during the period of intense 
activity that was studied, as 6 x 1012 ergs, or alout 100 times 
the Stromboli figure. No detailed analysis, however, is possible 
of the seismicity of Stromboli and Etna because each was observed 
by only a single station. Etna was instrumented for only a short 
period, but Stromboli was under observation for most of the total 
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recording period. Much information of value to a future study of 
the rate of earthquake occurrence and its periodicity has been 
obtained. 
D3.1 INTRODUCTION 
An intensive analysis was carried out of all recordings made 
in the period 25 March to 28 April 1966 in the Aeolian Islands 
network in order to obtain an accurate sample of seismicity, as 
complete as possible within the following limits:- 
all earthquakes of magnitude in 3.0 anywhere within the 
area of the network, or within 150 1(m epicentral distance 
of any of the stations, 
all earthquakes of magnitude in 2.6 within 100 Km of any 
of the stations, 
a) all earthquakes of magnitude in 2.3 within 50 Km of any 
of the stations, 
all earthquakes of magnitude m 1.6 within 10 Km of any 
of the stations, and 
all earthquakes in areas covered by more than a single 
station, recorded by more than a single station, down to 
the lowest possible magnitude. 
Earthquakes in categories a), b) and c) are listed in the 
Seismological Bulletin (Latter, 1968). 47 were detected during 
the 35 days which were intensively studied. Of these, locations 
were obtained for a total of 33 events, ranging in magnitude from 
in 2 2.3 to in = 4,7, 
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More than 400 evntR in categories d) and e) have been studied, 
and locations determined for as many as possible of them. These 
include shocks cf volcanic origin close to Gram Cratere, Vulcano, 
but not those beneath Stromboli volcano. These last, which are 
very frequent, have been sampled by counting on an hourly basis. 
D3.2 PRINCIPAL FEATURES OF THE SEISMIc!TY,.VQLCANISM AND STRUcTURE 
OF THE AEOLIANISLAN DS . 
The Acolian Islands lie on the seaward side of the arcuate 
structure defined by the mountain range of Calabria and northern 
Sicily, a zone characterised by shallow focus seismicity. The 
islands themselves are mainly of Quaternary and Recent volcanic 
origin: they overlie seismic foci at depths of 50-200 Kin, and on 
their concave, or seaward, northern side lies the deep basin of 
the Tyrrhenian Sea with foci at depths of 200-450 Km. 
The region approximates closely to an island are of Pacific 
type, and with the exception of the Cyclades arc in the Aegean Sea, 
which is also of Recent volcanic origin, is the only part of the 
Mediterranean area which preserves such typical features of are 
structure as large positive and negative gravity anomalies, active 
volcanism, and intermediate and deep focus earthquakes. The 
principal features of the region are described by Gutenberg and 
Richter (1954). 
Although the seisnuicity of Calabria and Sicily is far lower 
than that of some ether areas of the Mediterranean, notably 
the 
lonian Islands off the west coast of Greece, and Crete and Rhodes 
on the shallow focus side of the Cyclades arc, there are five 
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features which emphasise the exceptional interest of the region 
from the point of view of seismo-volcanological studies. 
Firstly, a major shear fracture, with its surface expression 
as the Straits of Messina between Calabria and Sicily, has 
developed cutting the line of the arc. Along this fracture occur 
occasional large magnitude earthquakes, such as that which devastated 
Messina and the area of the Straits in 1908: these are comparable 
in magnitude to the more frequent earthquakes which afflict 
Cephallonia and Zante in the lonian Islands, and parts of the 
Aegean. 
Secondly, near the southern extension of the Messina Straits 
fracture zone, lies the huge volcanic edifice of Mt. Etna. This 
enormous compound strato-volcano, built up from submarine 
beginnings as long ago as the Triassic (some 210 million years ago), 
many times destroyed and rebuilt, and standing today at a height of 
3 0 260 metres, typifies the second feature that distinguishes Sicily 
from other parts of the Mediterranean, that is to say, the great 
age and continuity of the volcanism. Clearly, in such a persistent 
volcanic area great interest lies In defining the relationship which 
seismicity and volcanism bear to each other. 
Thirdly, the island volcano Stromboli in the Aeolian Islands 
is perhaps the most constant and persistently active volcano in 
the world. Together with Tanna (Yasour volcano) in the New 
Hebrides, it shares the distinction of having never been truly 
dormant since its discovery. It differs from Tanna in having been 
under observation for a very much longer time, in fact since the 
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days of the Ancient Greeks. To quote Scrope (1825 9 p.6), "the 
volcano Stromboli, one of the Lipari Islands, is always in a state 
of ceaseless eruption, and there is good reason to believe this 
condition to have lasted without intermission during the last 
2000 years at least". 
Fourthly, the volcanic province of Sicily is one of exceptional 
interest to the volcanologist and geologist because of the wide 
range in composition of its volcanic products. From the "Atlantic" 
basaltic-andesites of Etna to the "Pacific-Mediterranean" andesites 
of Stromboli and the trachytes and obsidians of Lipari and Vulcano, 
one covers, in a space which can be spanned by a modern network of 
instruments, a large proportion of the rock-types to be found in 
the volcanoes of the entire world. 
Lastly, the presence in the area of the dormant volcano, Gran 
Cratere, on the island of Vulcano, focuses attention on the seismic 
processes going on beneath the surface and raises the question of 
how far these may be considered diagnostic of future activity. 
This volcano, considered by many volcanologists as second only to 
Santorin in the Aegean in point of danger to its inhabitants 
(H. Tazieff, personal communication), has been dormant since a 
violent eruption at the end of the last century. At present it is 
in a funiarolic stage of activity. 
D3.3 OVERALL SEISMICITYOF THE AEOLIAN ISLANDS AND NEIGHBOURING 
AREAS 1 AS RECORDED BY.THE NETWORK 
Figure 20 shows the epicentres of local and near earthquakes 
a, 
. 
rig. ?O 	Local and near earthquakes of magnitude in 	2.3 located by observations 
of the Aeolian Islands network, 1 April - 28 April, 1966: foreshocks 
d aftersh 
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of magnitude m 2.3 (together with foreshocks and aftershocks of 
these events down to and including in = 1.7), which were determined 
by the Aeolian Islands network for the period 1 April to 28 April 
1966. Full details of the magnitudes of the earthquakes and the 
phase arrival timeo are to be found in the Seismological Bulletin 
(Latter, 1968). The method of determining the epicentres is 
discussed in sub-section D3.4. 
All the earthquakes shown were shallow focus with the 
exception of number 19 which is estimated to have occurred at a 
depth of 55 Kin, numbers 70 and 71 which were given depths of 41 and 
40 Km respectively, and number 34 which is believed to have been 
deep although its focal depth cannot be fixed with any greater 
accuracy. 
Although determinations made over such a short period can 
only hint at the seismicity of the region, certain features are 
at once obvious. Firstly it is surprising that only two out of 
12 earthquakes located in the Aeolian Islands and Tyrrhenian Sea 
were of intermediate or deep focus. The resemblence of the area 
to a typical Pacific-type island are structure suggests that 
intermediate focus earthquakes would be characteristic of the region. 
Evidently, however, the sub-crustal earthquake activity known to 
occur there (see Gutenberg and Richter, 1954) is overlain by shallow 
focus activity which extends well to the north, into the Tyrrhenian 
Sea basin. 
Secondly, earthquakes were generally fairly evenly spread over 
the area of the network and its immediate surroundings with a marked 
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tendency for them to occur beneath the sea: only four out of 34  
were located on land. The lonian Sea to the south of the Straits 
of Messina proved rather more active than was expected, and the 
northern coast of Sicily rather less so. A remarkable sequence of 
foreshocks and aftershocks was associated with the magnitude 
in = 3.7 earthquake at a depth of LO Km near Cefalu (number 71 in 
Figure 20, and 1/071LN in Latter, 1968). The main shock of this 
sequence occurred at the extreme eastern end of a wedge-shaped 
area some 30 Km long which was defined by three foreshocks and two 
aftershocks of the earthquake. 
Thirdly, in the light of hindsight, earthquake number 36 
(1/036N) is of intereSt. It occurred near the northern end of the 
epicentral area of the destructive earthquakes of January 1968, 
evidently at very shallow depth. Its magnitude at Gibilmanna (SG6) 
was ML = 2.7 (in = 3.9), but waves from it to Lipari and Vulcano either 
attenuated anomalously fast or, due to the radiation pattern of the 
shock, propagated with reduced energy in that direction. The records 
of Eskdalemuir, Gauribidanur and Yellowknife arrays were searched 
without success for this earthquake. 
Finally, it may be noted that there was no concentration of 
earthquakes during this period in the area of the active or fumarolic 
volcanic centres, Etna, Stroinbo].i and Vulcano. Earthquake number 15 
(1/015L) probably occurred at very shallow depth on Vulcano Island 
and does not seem to have been followed by any unusual seismic or 
fumarolic activity on the volcano. Earthquake number 26 (1/026N), 
however, a very shallow earthquake located less than 2 Kin from the 
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crater of Stromboli volcano, was almost certainly directly associated 
with a period of increased activity which began on 9 April, three 
days after the earthquake, with outflow of lava onto the Sciarra del 
Fuoco. The earthquake was reported felt on the island (at intensity 
2-3 1 M.M.). It was unfortunate that the sta*ion SL6 was installed a 
mere 15 hours after the earthçuake and still more unfortunate that 
within a day and a half of installation it was put out of action by 
a rat which ate one of the cables. 
D3,4 SEISMICITYOF L4IPARI AND VULCANO ISLANDS AND THEIR INMEDIATE 
VICINITY 
Figure 21 shows all earthquakes located in the vicinity of 
Lipari and Vulcano Islands during two sample periods of five days, 
the first in April 1966, and the second in August 1967. During the 
first period seven shocks, and during the second 11 were recorded. 
The pattern of these samples is characteristic, both as regards number 
and position of the shocks, of the whole period of recording which has 
been intensively studied (March-April 1966, and July-August 1967). 
During 1966, for a short period, three stations were installed on 
Vulcano Island; these, together with the base station AQS and a 
second station MR6 on Lipari Island, recorded a large number of small 
shocks. All events which were recorded by more than a single station 
were analysed for phase arrival times and S-P intervals. An 
empirical method of locating epicentres (in some cases hypocentres 
could also be determined) was developed on the basis of observed 
velocities in the area. This method is discussed below. Events 
recorded at only a single station were read for phase arrival time- 
SHOCKS IN THE VICINITY OF 





-T  o BETWEEN 24th AND 28th APRIL 1966 
o BETWEEN 4th AND 8th AUGUST 1967 
MG7 	 0 SEISMOGRAPH STATION (DIGIT 6 INDICATES 
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Fig. 21 	Local earthquakes in the vicinity of Lipari and Vulcano Islands, during 
two sanple periods; 24 April - 28 April 1966, and 4 August - 8 August 1967. 
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and described and classified on the basis of their appearance. 
Magnitudes were determined for as many shocks as possible. 
a) Epicentre location 
A table is given in Latter (1968) of empirical wave-velocities, 
which, on the basis of observed geological structure, have been 
correlated with specific rock-types in the islands. These empirical 
velocities were derived from late arrivals of phases from earthquakes 
located on the basis of the travel times of Eiby and Muir (1961). 
These travel times, which are based on an idea1icd cruta1 ctructure 
inferred for New Zealand, are considered more appropriats for a 
tectonic structure of the arc type, as observed in the Aeolian 
Islands, than the more standard Jeffreys-Bullen ta1es (1967). For 
cases in which stations are located at several different ranges of 
epicentral distance, empirical velocities are also given by the 
first arrivals at the nearer stations, the epicentrc being 
determined purely by the waves travelling to the more distant 
stations at standard crustal velocities (for example, the P g velocity 
of about 5.5 Km/sec., the P or P
b  velocity of about 6.3 Km/sec., and 
the P velocity of about 7.9 Kri/sec.). This method was widely 
employed and gave consistent results for the slower, shallower phases. 
The values determined are. found to vary surprisingly little from 
earthquake to earthquake, although in no case have they been checked 
by the use of artificial explosions. 
The velocities inferred by a study of local and near earthquakes 
have been given a local identification number (P 1_5 , with 
corresponding S phases), and have been tentatively identified with 
observed rock types in the area. Results are as follows:- 
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Phase 	P velcity 	 S velocity 
0.98-1.02 Km/sec (S 1 0.58-O.59 Km/sea) 
1.41 Km/sec (S 2 0.79 Km/eec) 
P3 2.8k Km/sec (5 3 1,70 Km/sea) 
(mean velocity) 
P4 3.05 Km/sec (S1.80 Km/eec) 
(mean velocity) 
P5 	3.50 Km/sec 	(S5 2.13 Km/eec) 
(mean velocity) 
P 	about 5.5 Km/sec (S 
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Lower P 3 and P4 velocities than those given above are observed in some 
cases; this is thought to be due to variable amounts of tuff and 
pumice interbedded with the lava flows. 
Epicentres were determined, as mentioned above, using the graphical 
method described by Eiby and Muir (1961). A provisional origin time 
was determined from observed S-P values. This, subtracted from phase 
arrival times, yielded phase travel times, and these, with known or 
inferred velocities, gave a set of hypocentral distances for each 
station, which, when plotted on a map,wére generally found to intersect in 
a point. 
Considerable difficulty is often encountered in determining which 
of the above velocities to use in the case of earthquakes recorded 
only by stations in a very restricted area, such as Lipari and Vulcano 
Islands. A good intersection can occasionally be obtained by using 
widely different pairs of velocities. For example, a given SP interval 
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may be interpreted as S g Pg at all stations, when it will give one 
solution, or as S -P , when it will give a solution at greater 
distance, or as superficial S-P phases (in the Vulcario area S 5 -P5 
commonly yields good results), when it will yield an epicentre closer 
to the stations. Generally, of course, one intersection will be 
very much better than all others, and in such cases there is no 
difficulty in chcosing the appropriate set of velocities. Cases, 
however, occur quite frequently w.ien acceptable solutions can be 
derived using two widely different velocities. 
Figure 22 identifies the velocities that were used to determine 
the epicentres shozn in Figure 21. The superficial phases P 3 and 
propagating, it is thought, in acid lava flows, are observed only 
within 10 Km of a station. Still more superficial phases, P 1 and 
travelling in unconsolidated or semi-consolidated pumice and tuff, 
are observed only within 2-3 Km of a statIon. On Figure 22 the presence 
of Pg solutions at very close epicentral distances, well within the 
range at which superficial ffrst arrivals are observed, clearly 
indicates that such events originated at somewhat greater depth. Mixed 
first arrivals, recording at one station with one set of velocities 
and at another with a different set, are extremely hard to locate. 
When, however, a result is obtained which gives a really convincing 
intersection, it is of great value in unravelling crustal structure in 
an area. 
Figure 23 is an idealised geological section along the line A-B 
in Figure 18. It was drawn from a study of wave velocities as 
described above and correlated with the surface geology given by 
Nickel (1964). 
NATURE OF FIRST ARRIVALS FROM LOCAL 
EARTHQUAKES RECORDED IN THE LIPARI-VULCANO 
AREA DURING TWO SAMPLE PERIODS 
24- 28Apr11 1966 & 4-8 August 1967 
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Fig. 22 	Nature of first arrivals from local earthquakes recorded in the Lipari-Vulcano area during 
two sample periods; 24 - 28 April 1966 and 4 - 8 August 1967. 
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PUMICE Rpi = 0.98 KM/SEC, V51 = 0.58 KM/SEC) 
TUFF(Vp2 :1.41. V52 0,79) 
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A06, VN6, VL6. PV6 = SEISMOGRAPH STATION OCCUPIED DURING 1966 (see locality map) 
Fig. 23 	Idealised geological section, Lipari — Vulcano. 
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Although the structure as outlined can only be considered hypothetical, 
it gives a consistent explanation for observed patterns of velocities 
in the area. There is, however, little evidence regarding the 
direction of dip of the fault which outcrops in the strait between 
Vulcano and Lipari. Blot (personal communication) believes that it 
dips south beneath Cran Cratere, Vulcano. 
b) Magnitude determination 
Local rnagnitu&e (on the ML scale) were determined for as many 
earthquakes as possible. Half-peak-to-peak amplitudes and frequencies 
were measured and were converted to ground amplitudes by application of 
the response curve of the system. Equivalent trace amplitudes on a 
standard Wood-Anderson torsion seismograph were then derived by comparison 
of the two response curves (a graph was drawn up for the purpose), and 
local magnitudes read off directly from a chart drawn up from the 
values given by Richter (1958, p.342•). 
From data published by Trembly and Berg (1966) on results of 
nearby observations, of underground nuclear explosions, the standard 
data, relating trace amplitude on a Wood-Anderson seismograph to 
epicentral distance, for a constant magnitude, was extrapolated to a 
range of 1 Km. Furthermore, since Richter's (1958) data were 
designed to give magnitudes for earthquakes at a mean depth of 16 Km 
in California, extrapolation was also necessary to permit the use of 
the local magnitude scale with very shallow earthquakes. This was 
done by estimating epicentral distance for a given ground amplitude 
and magnitude from data of amplitude decay for the nuclear explosions 
"SHOAL", "HARDHAT", "HAYMAXER", "GNOME" and "LOGAN" (see Carder, 1962; 
Carder and Cloud, 1959; and Trembly and Berg, 1966). 
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Results obtained by using the extrapolated curve appear to be 
consistent with those derived from the standard curve at distances 
beyond 16 Km. Magnitudes were calculated for all stations of the 
Aeolian Islands network, so that a direct comparison between the 
standard and extrapolated curves was possible in the case of well 
recorded earthquakes that were observed at very close, as well as at 
more distant ranges. 
D3.5 SEISMICITY OF GRAN CRATERE, VULCANO 
During the period 31 March to 28 April 1966 in the area of the 
network lOO 'local' events of magnitude m < 2.3 (ML < 0.75) were 
catalogued. The overwhelming majority of these were small events 
of surface or near surface origin within 1 Km of Gran Craters, 
Vulcano. Small events in the vicinity of other etations in the 
network were few, except for volcanic earthquakes of an entirely 
different kind which were almost constantly recorded by the 
stations on Etna and Stromboli volcanoes. These are described in 
sub-section D3.6. 
a) Classification of events 
Four distinct classes of tremor have been identified. The 
first comprises typical small volcanic shocks with sharp first onsets, 
either conprescional or dilatational, which were commonly recorded by 
seismoziieters at distances up to 5 Km from the volcano. The second 
class has a strong sinusoidal element with a dominant frequency of 
about 3.5 H. The most perfect examples have an unusual and 
characteristic form which varies little from one example to another 
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(see Figure 24). A clear gradation can be observed between tremors 
of the first and second class. Many examples of ragged appearance 
which look eact1y like typical volcanic shocks nevertheless 
preserve a strong frequency content identical to that of the 
sinusoidal tremors of the second kind; see example illustrated in 
Figure 25. 
The third class of tremor detected is an irregular low 
amplitude disturbance of long duration, very like some examples shown 
to me by Mr GIR.T. Clacy from Ruapehu volcano in New Zealand.. The 
fourth class comprises discrete chocks with multiple arrivals. These 
shocks do not occur singly, as examples of the first and second class 
do, but are usually grouped in swarms which commonly last for periods 
of half an hour or so. Figure 26 illustrates the frequency 
distribution observed in those four classes of tremor. Note the very 
marked peak at 3.57 Hz associated with the sinusoidal tremors of the 
second class. Swarm shocks of the fourth class have a fairly wide 
frequency range but show a marked peak near 44 Hz. Tremors of the 
first class, and those gradational to the second class show little 
evidence of preferred frequencies. Tremors of the third class are 
not illustrated in Figure 26. 
All types of disturbance can be readily identified in the process 
of playing out the tapes, during which the speed of recording 
(0.133 in/sec) is increased by a factor of 56, thus bringing seismic 
frequencies into the audio range (see Parks, 1966). Both the 
perfectly sinusoidal and the gradational type produce a uniquely 
distinctive sound on playback, which enables them to be detected even 
when the wave-train is completely obscured by high noise levels. 
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SINUSOIDAL VOLCANIC TREMOR, VULCANO 
RECORDED AT TWO STATIONS 
Flutte 
26thApril 1966 107GMT 	Tape LTT 4A Sicily Networ 
VL6 No Filter 25 v/cn 
I Sly 
VL6 Filtered 3-4 Hz 10 v/cn 
PV6 No Filter 1 v/cr, 
PV6 Filtered 2-4 Hz 025 v/ci, 
I 	 '• 
Pt 
PV6 Filtered 3-4 Hz 025 v/crr 
Fig. 24 	Sinusoidal volcanic tremor, Vulcano. 
SINUSOIDAL VOLCANIC TREMOR, VULCANO 	17( 
RECORDED AT THREE STATIONS 
GRADATIONAL TO NORMAL VOLCANIC SHOCK 
Flutter 
Tape LTT 4A Sicily Network 
1L r mi 
1749 GMT 25prll 1966 
VL6 No Filter 25 v/cm  
1011 
A 
VL6 No Filter 10 v/cm  
A 	
I 
VL6 Filtered 3-4 Hz 10 v/cm 	
-APAq"WW-- 
PV6 No FIlter 1 v/cm 
PV6 Filtered 2-4 Hz 025 v/cm 
S 3 	S2 
r —TT TY1T 1Y1 11fl fl fl TT1 (TT 
PV6 Filtered 3-4 Hz 025 v/cm1 	 flrJDTTfyTTTlJrn_ 
VN6 No Filter 25 v/cm 	 Tape MSA 5A Sicily Network 
VN6 No Filter 1 v/cm 
VN6 Filtered 3-4 Hz 025 v/cm 	 S 5 
sound in air 
AQ6 Z No Fitter 1 v/cm 	
Nit 
AQ6 Z Filtered 2-4 Hz 025 v/cm 	
Ni( 
AQ6 Z Filtered 3-4 Hz 025 v/cm 	
Nil 
Fig. 25 	Sinusoidal tremor showing tendency to grade 
to typical volcanic shock, Vulcano. 
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Fig. 26 	Frequency distribution in volcanic tremors from Vulcano. 
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Other sinusoidal disturbances of a different kind, long duration 
Iene1op55 containing a much wider range of frequencies, have been 
identified as due to movement of ships and hydrofoils in the area.* 
b) Location of events 
Tremors of the first class, possessing sharp first onsets and 
commonly recording at all three stations on Vulcano, could generally 
be located by means of S-P intervals, or by various P-P intervals 
(for example P 1-P 6 , or P2 -? 3 intervals). With additional 
information from stations on Lipari they could occasionally be 
located in depth. An example of this is the small shock shown at 
the extreme northern tip of Vulcano Isla id, north of the station VN6, 
on Figures 21 and 22. 
The majority of typical, discrete volcanic shocks recorded on 
Vuloano were found to originate from the general area of Gram Cratere. 
The fact: that they recorded very much more clearly, at station VL6 
than at PV6 or VN6 strongly suggests that their depth of origin was 
within the upper 1 Km or so of the volcanic structure. 
Sinusoidal tremors of the second kind were always well recorded 
at station VL6, and in many cases were also recorded at PV6: with 
careful filtering they could occasionally be detected on the VN6 
station records. Tremors of the third and fourth kinds, however, 
invariably failed to propagate to stations other than VL6, and this 
*yootflote: see Latter (1965) for description of similar interference 
effects recorded at Rabaul, New Guinea. 
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fact restricts their proabie depth of origin to a few hundred metres 
and almost certainly means that they originated in the upper levels 
of the volcano itself. Existing data are insufficient to locate 
them more accurately. 
Because of the unusual appearance and marked regularity of the 
sinusoidal tremors (class 2) considerable effort was expended in 
locating them. Before describing the method by which this was 
achieved, some further description of the tremors is necessary. 
The first motion (marked A in the typical example shown in 
Figure 24) is almost always compressional (downwards on the record 
is an upward ground movement at the seismometer). It is a small 
movement and is followed at an interval which ranges from 
0.19-0.35 sec. by a much stronger downward movement of the ground 
(marked B), which is the beginning of the sinusoidal wave train. 
This sinusoidal wave train shows practically no dispersion, (the 
dispersion pattern for two tremors is shown in Figure 27), suggesting 
that it is not composed of surface waves. 
The larger tremors were recorded at the station marked PV6, 
at a distance of just over 4 Km from VL6 on the opposite side of 
the volcano, with a time interval consistently about 3.85 sec. later 
than the much stronger VL6 arrival. The maximum apparent velocity 
(assuming the tremors to have originated at VL6 or to the north of it) 
which would be compatible with this observation is 1.05 Kn/sec, Very 
few, however, were recorded at VN6 9 lessthan 1.9 Kin north of VL6, 
due presumably to the very high absorption of energy by the 
unconsolidated tuff and pumice in the area. In a number of oases the 
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Fig. 27 	Dispersion in two sinusoidal, volcanic tremors at Vulcano. 
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most prominent, and sometimes the only arrival at VN6, as a phase 
with macimum apparent velocity (assuming a source at VL6 or tc the 
south of it) of about 0.3 K/sec. 
By interpreting the latter as sound in air from a source 
slightly to the south of VLG and by assuming velocities in agreement 
with those already determined from arrivals of near earthquakes 
recorded at the principal Lipari station (AQ6) as well as at the 
three Vulcano stations (see subsection D3.4 and Figures 21 and 22), 
the probable source of the disturbances was located in a fumarole 
field on the northern rim of the crater and on the outer northern 
slopes of the volcano (see Figure 28). Because of the low wave 
velocities inferred for superficial rocks in the area, and the 
presence of the air-wave at VN6 9 the uncertainties attached to the 
locations, assuming surface foci, are of comparatively small 
dimensions. This and the fact that the positions of all sinusoidal 
tremors that could be located coincided closely with visible funaroles 
seems to indicate that the solution may confidently be accepted. 
Characteristic velocities observed in the sinusoidal and semi-
sinusoidal tremors, given the solution adopted, are the following:- 
*Footnote:_ The station VN6 was installed near the summit of the small 
cone Vulcanello, which is located in the same sequence of thick 
unconsolidated pyroclastics as the cone of Gran Cratere itself. The 
station PV6, by contrast, was located on basaltic lava flows forming 
the plateau of Piano Vulcano, above the area affected by recent 
volcanism. Some idea of the structure beneath the area can be 
obtained from figure 23. 
S VL6 Station occupied in 1966 
• VL7 Station occupied in 7967 
+A Principal socirce of s/nuso/dc 
tremors. 
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Fig. 28 	Locality map, Vulcano Gran Cratere, showing sources of sinusoidal 
volcanic tremors, fumarolic areas, and positions of seismometers. 	




To station VL6 	Comproesional P. 1.02 Kin/sec 
downward S. 0.58 Km/eec, (S 1 ) 
(at VL6 S 1 marks the onset of the 
sinusoidal part of the wave train) 
To station VN6 	(directions of first motion variable) 
P 2.46 Km/sec, (F 3 ) 
p 1.02 Km/eec, (P1) 
and air-wave 0.33 Km/sec in some cases 
To station PV6 	(directions of first motion variable) 
P about 5.5 Km/eec, (P g ) 
P about 3.5 Km/eec, (F 5 ) 
P about 2.5 Km/eec, (F 3 ) 
P about 1.0 Km/eec, (P1) 
An interesting and unexpected feature of the class 2 tremors is 
that it was generally the less perfectly sinusoidal that gave rise to 
the air-wave which was occasionally recorded at VN6. This is 
interpreted as evidence of gradation in depth from near-surface foci 
perhaps 50-100 metres below the mouth of fumaroles to deeper sources 
in the subterraneaxi conduits of the volcano, the most perfectly 
sinusoidal originating near the surface but too deep to give rise to 
an air-wave. 
o) Intert,rotation of events 
Typical volcanic tremors of the first class, with sharp first 
onsets and generally somewhat variable in appearance, are characteristic 
of most active or fuinarolic volcanoes. They are essentially the se as 
type A tremors, as he described thorn for Aso volcano 
(Minakami, 1960). It is tentatively suggested that this class of 
tremor is due to small scale fracturing of rook as a result of 
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intrusion of liquid magma. Evidence for locating these shocks in 
depth is not in general clear at Vulcano. The indications are, 
however, that some of them originated at depths of the order of 
300-400 metres below the floor of the Cram Cratere (equivalent to 
400-500 metres below the surface, and 100-200 metres below sea 
level). 
The unusual sinusoidal appearance of tremors of the second 
class suggests a process of resonance in the interior of the 
volcano. Assuming a gas-filled cavity in *ihich waves move with 
approximately the speed of sound in air ) and given an average 
frequency for the sinusoidal wave-train of 3.5 Hz, see Figure 26, 
the size of a cylindrical gas-filled cavity would be 190-200 metres 
in the longest axis. There are many different possible shapes for 
the cavity; if it were in the shape of a bottle with a narrow neck 
its dimensions would be much smaller. On the other hand because of 
the nature of the gas filling the cavity and the elevated temperature, 
the dimensions might be correspondingly greater. 
A more complete analysis is required, using records subsequently 
made at other sites on Vuloano. On the basis of the evidence at 
present available, it seems that the tremors are due to gas 
explosions in cavities above the magma chamber beneath Vulcano. 
Their magnitudes range from a maximum of about ML -0.7 to a minimum 
several orders of magnitude lower. The individual energy release of 
a single tremor reaches a maximum of only about S x 10 6  erga. With an 
average of perhaps 25 tremors per day, daily energy release is only 
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about 108 ergs. Ground amplitudes at VL6 range from 140.milli_ 
microns down to a more 5 mi3.lirnicrons (below which they are 
unobservable). 
The process of energy release is clearly a gentle one, and it 
is suggested that the tremors are due to gaseous stoping in the roof 
of the magma chamber beneath Vulcano Gram Cratere or in fissures 
above the chamber. This is occurring especially beneath the northern 
slope of the volcano, the most active fumarolic area on the cone. 
An alternative suggestion, which was suggested to me by 
Mr G.R.T. Clacy, who has observed similar though less perfectly 
sinusoidal tremors at Ruapehu volcano in New Zealand, is that the 
effect may be due to oscillation of water at temperatures above 
600 degrees Centigrade (the 'Leidenfrost' effect, see Holter and 
Glasscook, 1952). This represents a possible mechanism since the 
gas-phase pre8eflt at the top of the magma chamber is likely to be 
predominantly composed of water-vapour. 
The irregular low amplitude disturbances of long duration 
(class 3) are tentatively attributed to magma movements at depths of 
less than 1 Km. They are recorded only by the station VL6 in the 
immediate vicinity of the volcano. The small swarm shocks (class 4) 
with multiple phase arrivals are interpreted, because of their 
multiple phases, a feature characteristic of resonance in liquid, 
Footnot: These figures are considerably lower than earlier 
estimated, now believed to be incorrect., which were given in a 
preliminary paper (Latter, 1967). 
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as small shocks that have occurred in or near a high level maa 
chamber. As already mentioned, these are not recorded at stations 
other than VL6, and this fact restricts their probable depth of 
origin to a few hundred metres. 
In the short period of a month which was intensively studied 
no marked changes in the rate of occurrence of the tremors took 
place, nor have any changes in visible activity been detected at 
the fumaroles which can be correlated with times of occurrence of 
the sinusoidal tremors, or of any of the other classes of tremor 
observed. A continuously recording temperature gauge was operated 
for a short period and indicated variations in temperature between 
90 and ill degrees Centigrade, but no meaningful correlations could 
be detected in the short time Liefore destruction of the probe took 
place. It would be useful to attempt an experiment of long 
duration in which both the temperature and 'the composition of the 
gas could be measured. It is highly probable that some correlations 
would emerge. 
D3.6 SEISMIC OBSERVATIONS ON STROMBOLI AND ETNA VOLCANOES 
A single station was installed on the lower slopes of each of 
these volcanoes. Unfortunately, as already mentioned, it did not 
prove possible to set up other stations: consequently no earthquakes 
could be located and the best that could be done was to examine the 
overall characteristics of the shocks recorded, observe the rate of 
their occurrence, and estimate their magnitude and energy release. 
Numerous tremors were recorded at both volcanoes. 
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a) Observations on Etna 
At the time the work was carried out (mid-April 1966), Etna 
was erupting moderate volumes of pyroclastic material from the 
north-east crater, together with small lava flows from vents on its 
eastern flanks. After installation of the station on Etna, at a 
point 7 Km north-east of the active crater and 1350 metres below it, 
in the pine forest of Linguaglossa, an increase in activity 
occurred. On 19 April strong eruptions took place over a period of 
about four hours; large volumes of dense ash-laden vapour were 
ejected with explosions audible at the coast north of Catania. 
During visible strong activity in the north-east crater, the 
average number of tremors recorded was 35 per hour, each of the 
order of magnitude ML = 0.8 (1.7 x loll  ergs). Energy released 
hourly in seismic waves was about 6 x 1012  erga, and daily energy 
14 release was of the order of lO ergs (equivalent to one earthquake 
of magnitude m = 3.5). All tremors recorded on Etna had a strong 
compressional first onset and appear, from the presence of a strong 
air-wave (a very late arrival on the record), to have been superficial. 
Bad weather conditions on the mountain prevented any attempt to 
correlate tremors with visible activity, and the total recording 
period of only five days (after which an instrumental failure occurred) 
was insufficient to draw any further conclusions about the tremors. 
The fact that only a single station was installed unfortunately 
precluded any attempt to discover the depth of origin of the shocks: 
very few, if any, however, occurred which did not possess an air wave. 
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b) Observations on Stromboli 
A station was installed at Punta Lena, the southern tip of 
Stromboli Island, 2.3 Km south of the active crater and 700 metres 
below it s on 6 April 1966. Recording continued until 26 April, and 
was resumed at a different site, near Ginostra, 2 Km west of the 
crater in June 1967, continuing until October of the same year. 
Soon after the beginning of the third period of recording (April 
1968) an instrumental failure occurred (on 14 May 1968) which put 
the statiOn permanently out of action. There was little difference 
between the two stations in the appearance of the very frequent 
volcanic tremors that were recorded. Only the first period of 
recording has been studied in much detail. 
During this period, there was an average of 10 shocks per hour, 
this number varying very little from hour to hour or from day to day. 
The magnitude of each was of the order of ML :O.1 (equivalent to an 
energy release of about 5 x lO erge). Hourly energy release was 
therefore of the order of 5 x iolO ergs • The majority of tremors had 
an emergent onset and were accompanied by a powerful air wave, a 
very low frequency late arrival; this latter suggests that they were 
probably of superficial origin. Some, however, showed no trace of an 
air wave and undoubtedly originated from depths of at least the order 
of 1 Km. With only a single station, no further resolution of 
hypocentres could be attempted. Future work should aim at placing 
a seismometer near the summit of the mountain in addition to at least 
two near the foot. 
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Difficulty was experienced in making exact correlations with 
visible explosive activity; only about 70% of shocks could be 
accurately correlated with explosions, even when observations were 
made with a stopwatch within yards of the summit crater. Two such 
attempts were made on separate days, during periods of activity at 
all three vents in the summit crater, and results are described 
below. Similarly, visible explosions occurred which were not 
recorded by the instrument at the foot of the mountain; on many 
occasions such explosions were considerably more violent than those 
which did record clearly. One must conclude, therefore, that 
marked differences occur in the mode of energy transference from 
the material in which the tremors originate (probably magma) to the 
walls of the vent. Some tremors certainly accompany visible 
explosions in the crater; others probably take place either at 
considerable depth in the magma column or in the wall rocks 
alongside. 
As already mentioned, on 6 April 1966 an earthquake of magnitude 
m = 3.9 took place at shallow depth and was felt on Stromboli, some 
15 hours before the first installation of the station SL6. The 
numbers of explosions per hour were counted immediately after 
recording commenced. They averaged rather less than the number 
recorded at other times (11 in the space of two hours). In other 
respects they were identical. Three days after this earthquake, 
however, strong activity commenced and a lava flow descended the 
Sciarra del Fuoco and entered the sea. By this time the seismograph 
was out of action: it was repaired on 11 April. On this day five or 
six visible explosions occurred per hour. 
l8'. 
On 25 April, during a period of three and a quarter hours, 
C. Blot recorded times of 31 visible explosions at the summit crater, 
giving an average during this period of 10 per hour. In the same 
period 33 tremors were recorded by the seismometer. Although the 
total number of each was so similar, 27% of the tremors occurred 
at widely different times to those of the observed explosions. The 
best fit that could be obtained correlated 77% of the explosions 
with 73% of the tremors*. The observed explosions followed the 
tremors at an interval ranging from one minute to five and a half 
minutes. The mean of the intervals was two and three quarter minutes. 
Further work will be required, with a summit seismometer and 
at least two stations low down on the mountain before any conclusion 
can be reached regarding the mechanism of explosions at the volcano 
and the nature of their relationship with volcanic earthquakes. A very 
long sample of times of occurrence of volcanic tremors at Stromboli is, 
however, available on the magnetic tapes recorded during the course of 
this work. This material requires further statistical analysis, 
which would be of value from the volcanological point of view, and 
perhaps still more so from the statistical point of view, since long 
time series of this kind are rarely available**. 
*Footnote: Two large tremors, and seven of average magnitude, had no 
apparent surface expression, and one very strong observed explosion, 
and six of nornal size, had no accompanying volcanic earthquake. 
*Footnote: Professor Reyment of the University of Uppeala has 
expressed an interest in making use of this data. 
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E. ANALYSIS OF WORLmJIDE SEISNICITY AND VOLCANISN 
"Let us be content, then, as geologists, to found our deductions, 
until our science shall have provided us with a new class of 
facts, on the facts which we already possess." 
Hugh Ilil].er, P. 279, 
'Geological Evidences in favour of Revealed Religion', 1852: 
(Everyman's Library, No. 103, 
J.M. Dent & Sons Ltd., 1906) 
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El EARTHQUAKES QE ?IAGNITUDEM at 8 SINCE 1897 
AND THE .P&TTRN OF THEIR OCCURRENCE 
Summary 
Magnitude 8 earthquakes since 1897 are examined in order to 
determine whether they show evidence of dependence on one another, 
and in order to determine whether they can be convincingly correlated 
with volcanic eruptions. Evidence of interdependence of successive 
magnitude 8 earthquakes is found in only two cases, apart from clear 
foreshock'aftershock sequences. On the other hand there is a strong 
indication that many of the largest recorded volcanic eruptions have 
been preceded by magnitude 8 earthquakes in a manner that is not due 
to chance. 
E1.1 INTRODUCTION 
In the search for meaningful correlations between earthquakes, 
and between earthquakes and volcanic activity, a justifiable 
assumption which reduces the number of possible correlations to 
something approaching a manageable level is that real effects should 
be more easily observed in the case of the larger rather than the 
smaller earthquakes. A. useful approach to the problem may therefore 
be made by studying the comparatively infrequent earthquakes of 
magnitude N 8. 13 14 such events are believed to have occurred 
between 12 Juno 1897 and the end of 169 and their dates of occurrence 
and locations have been analysed in order to decide firstly to what 
extent they occurred randomly and secondly whether they were 
associated in any way with variations in the level of volcanic activity. 
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E1.2 ANALYSIS OF RANDOMNESSOF OCCURRENCE OF EARTIIOUAKES OF 
MAGNITUDE N 
The length of the period 12 June 1897 - 21 November 1969 9 between 
the first and last magnitude 8 earthquakes in the list, is 
26,442 days, With 133 intervals between earthquakes, the mean 
interval, if events were random, should have been about 200 days, 
and the probability that an interval was longer than this rather 
than shorter should have been O.S. 
In fact, however, the median value of observed intervals was 121 
days, and only 46 of the total of 133 intervals were greater than 
the theoretical mean of 200 days. The actual probability that any 
one of the observed intervals was longer than 200 days is therefore 
0,346; events tended to be clustered at shorter intervals than one 
would have expected had the distribution been due to chance. 
At first sight, therefore, a case Seems to exist for postulating 
an interdependent relationship between some of these magnitude 8 
earthquakes. This supposition is, however, largely demolished when 
one compares the observed distribution with that predicted for a 
Poisson Distribution, describing the typical occurrence of random 
isolated events in a continuum of space or time. 
Moroney (1956) gives the probability of observing 0, 1 9 2 9 3, 
etc. events, given a Poisson Distribution, as the successive terms 
of the expansion 
-z 	z z ,e 	z .e e ., ze , 	' etc., respectively, 
where a is 2.7183 9 the base of the natural 1ogarithns, and z is the 
average or expected number of events per unit space or time. 
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This probability, when multiplied by the number of time 
intervals, or intervals of length, gives the expected frequency 
of occurrence of 0, 1 0 2 0 3, etc* events in the appropriate interval, 
and this expected frequency is generally found to agree closely with 
the observed frequency when events have occurred purely by chance. 
In order to test the degree of interdependence of earthquakes of 
magnitude 8 or greater this analysis was carried out on the intervals 
between earthquakes of M 8 since 1897. 
The expectation z that an event should have occurred on any 
one day in the period 12 June 1897 - 21 November 1969 is 0.005035. 
The probability of 0, 1 and 2 events occuring on a single day, given 
a Poisson Distribution, is then as follows:- 
Number of events 
occurring on a 	 Frequency expected 	Observed 
single day 	Probability
, 
 in 26,442 tri.als Frequency 
z = 0.005035 
0 	 •0.99499 26 $ 10 26,315 
1 	 0.00501 132 	V 123 
2 	 0.00001 0.3 5 
Similarly the expectation z for the occurrence of an event in periods 
of half an hour, 10 days and 20 days has been calculated: the 
figures are 0.000105, 0.050350 and 0.100700 respectively. Given a 
Poisson Distribution, the probability of 0, 1 and 2 events occurring 





in the Frcguenc (inj Number of Observed period Probabi1it expected Trials rreguenç 
0) 0.99990 1,269,083 1 9 269,216 1,269,085 
hour 0.00010 133 129 
 6x10 8 0.08 2 
z:O .000105 
0) 0.95099 2 9 514 2 9 644 2 9 517 
10 days 0.04788 127 121 
 0.00121 3 " 6 
z0. 05 0350 
0) 0.90426 1 9 196 1,322 1 9 197 
20 days 0.09106 120 it  117 
 0.00459 6 of  8 
zO.l0O700 
In commenting on these results it is first necessary to remove 
those earthquakes which are closely associated in both time and space. 
These are simply part of unusually high magnitude foreshock and after-
shock sequences. The following earthquakes come into this category:- 
0riiiirTime Focal 
(G.M.T.) Date Rion Magnitude depth Epicentre 
213750 7.7.09 Hindu Kush N = 8.1 h230 Km 36.5N 70.5E 
213905 it it  M = 8.0 h33 Km of 
061816 13.1.16 West New N = 8.1 " 2.OS 137.OE 
Guinea 
082048 it ' 3.OS 135.5E 
105823 4.11.52 Kamchatka H = 	8.2 ' 52.514 159E 
165826 " to  N S 8.4 " ft ft 
In addition the earthquake of magnitude H = 8.6 in Nindanao on 20.9.1897, 
which was followed the next day by one of magnitude N = 8.7 at 
approximately the same epicentre, should be removed from consideration, 
although by chance the first of these earthquakes falls at the end 
and the second at the beginning of a 20-day period reckoned from the 
date of the first magnitude 8 earthquake in the list. 
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Once the figures have been adjusted in this cay the observed 
frequency of 5 for two events occurring on a single day becomes 2. 
This is still more than 6 times the predicted frequency on the basis 
of a distribution due to chance and the association is therefore 
significant. Similarly, although one observed case of two events 
occurring within a single half hour can be attributed to an aftershock 
sequence, the other remains and is clearly highly significant, since 
it represents more than 10 times the predicted frequency of 
occurrence of such an event. The two pairs of earthquakes that 
emerge, therefore, as significantly linked are as follows:- 
Origin Time 
(G.M.T.) Date Region Magnitude Epicentre 
1301 9.8.01 Loyalty Is. H 	= 	8.14 22S 	170E 
1833 Honshu ft 40N 11414E and 
0010142 17.8.06 Rat Is. H = 8.3 51N 	179E 
0014000 it Chile H = 8.6 33S 72W 
For 10-day periods the observed frequency for two events in a 
single period was found to be twice the predicted frequency on the 
basis of a chance distribution. However three of the six events can 
be dismissed as part of foreshock-aftershock sequences, and on the 
basis of the theory the remainder can be attributed to chance. 
Similarly, when three aftershocks are removed, the observed frequency 
for two events in a single 20-day period falls below the predicted 
frequency. 
In order to examine the area between the clearly significant 
excess of events in periods less than one day and the apparently chance 
distribution in periods of 10 and 20 days, figures were calculated for 






















0) 0.96536 3647 3777.4 3652 
7 days 0.03402 128 117 
 0100060 2 8 
z0. 035245 
0) 0.95572 2808 2938 - 2014 
9 days 0,04331 127 115 
 0100098 3 9 
z0. 045315 
0) 0.92714 1634 1762.0 1640 
15 days 0.07002 123 113 
 0,00264 5 10 
z0. 0755 25 
-------------- 
-- 	 - 
Removing events in fóreehock-aftershook sequences reduces the 
figures for the occurnce of two events in a single period- to 
8, 4 0  S and 5 respectively. Removing the two events that have been 
shown to have been significant in the half-day and one day periods 
further reduces the figures to 1, 2, 3 and 3 respoctive1y which is 
the same or loso than the epactation based on Poisson theory. 
There is therefore no evidence that any process other than chance 
determined the dates of occurrence of any of the earthquakes of 
magnitude 8 or greater since 1897 except in the four aftershock - 
soquencos and the two other earthquakes listed. 
The latter two, with their precursor earthquakes in the Loyalty 
and Rat Is1ands are clearly worthy of further study. Unfortwtoly,  
the early dates of both (1901 and 1906) rule out the possibility of 
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determining their focal mechanisms • There would appear to be two 
hypotheses capable of explaining the close association of thece 
events.. The first is that the passage of waves from one earthquake 
placed an additional load on an already critically strained focal 
region so that the ultimate strength of the rock was exceeded: and 
the second is that two widely separated focal regions, both already 
critically strained, rosponded togother to an external force, common 
or approximately coon to both of them. Such a force, one might 
hypothesize, could have 'been tidal loading, or it could have been 
tectonic in origin, the result perhaps of a fluctuation in the gradual 
lateral movement of a plate of lithosphere. 
In the case of the Loyally Islands-Honshu pair of earthquakes 
the simplicity of the relationship is altered by the fact that an 
earthquake of magnitude M r. 7.9 at the Honshu focus took place 
three hours and 38 minutes before the magnitude 8.4 Loyalty Islands 
earthquake. Five hours and 32 minutes separated the latter from the 
subsequent M 8.4 Honshu earthquake. The sequence was therefore 
initiated at the Honshu focus with an earthquake that radiated some 
five and a half times less energy than the later one from the same 
focus. 
The distance between the Honshu and Loyalty Islands foci was 
about 66 degrees for which the travel time for the first surface 
waves is about 31 minutes. At least two hours must therefore have 
elapsed after the surface waves of maximum amplitude from the smaller 
Honshu earthquake had passed before the Loyalty Islands earthquake 
occurred. In this case it would appear that the second hypothesis is 
the more likely, that the two regions responded together to a 
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common external force. In this particular case the nature of the 
force cannot have bcn tidal, since the difference in longitude, 
26 degrees, between the two focal areas does not accord with the 
intervals, three and a half, and five and a half hours, between the 
earthquakes; one would have expected an interval of about one 
hour and forty ininutc, Furthermore tho tIdal force would have 
moved in an east to west direction approximately, whereas stress 
release appears to have been initiated in Japan and to have moved, 
in the opposite sense # in a south-easterly direction to the 
Loyalty Is lands, 
In the case of the Rat Is1ands.Chjle pair of earthquakes, the 
interval between the two was approximately 29 minutes 18 seconds. 
With an epicentral distance of about 126 degrees, waves from the 
first would have been crossing the focal rogion of thc second at 
its origin time. Although the origin times and positions of the 
earthquakes are known to perhaps only the nearest one or two seconds 
and half to one degree it is certain that the Chilean earthquake 
occurred after the passage of P1<?. 1, PP,PPP,SXS and 81<1<3 from the Rat 
Islands, and before S1<SP, PS, PPS, SS, SSS or the surface waves. 
Given the times and positions determined by Duda (1965) the origin 
time corresponds closely to the arrival of an oceanic type of 1a 
wave (Beth and Arr'oyo, 1963). 
The amplitude of P waves is frequently comparable to that of 
the initial S waves, and their periods are typically about 10 
seconds, According to dth and Arroyo, Pa  is usually of shorter 
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period but much greater amplitude than PPP, and it is nearly always 
of shorter period than SKS, to which it may be comparable in 
amplitude. P a 
 therefore certainly represents a possible triggering 
pulse, given an environment already extremely close to rupture, and 
the path from the Rat Islands t0 Chile is entirely oceanic. It has 
not, unfortunately, been possible to examine Chilean records of the 
magnitude M = 8.5 earthquake of 4 February 1965 in the Rat Islands 
in order to diecover.whether Pa 
 waves were generated by this latter, 
very comparable earthquake. 
There can be little doubt, in any case, that the 1906 
chilean earthquake was triggered by the passage of waves from the 
Rat Islands, although whether these were P waves remains hypothetical. 
Many of the larger earthquakes in Alaska and the Aleutian Islands have 
step-like sourcs functions rich in 1o: frsquencics (P.o. Marshall, 
personal communication) and clearly the lower the frequency the more 
potent an elastic wave would be as a triggering force. The remarkable 
fact about this sequence is that triggering appears to have occurred 
before the very high amplitude and long period waves arrived, 
Clearly the Chilean focal area must have been extremely close to 
breaking point. 
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E1.3 VARIATIONS IN VOLCANIC ACTIVITY ASSOCIATED WITH EARTHQUAKES 
OF MAGNITUDE N 8. 
The list of 134 earthquakes of magnitude 8 or greater since 
1897 was compared with that of the 70 volcanic eruptions in the 
same period which are estimated to have liberated more than about 
1 x 1024  erga in the form of thermal energy, in order to detect 
plausible correlations between the two classes of events. 
A space-time window of nine degrees and 9000 days was adopted, 
beyond which no correlations were considered plausible. Within 
this window possible correlations were examined, taking into account 
the magnitude and degree of rarity of the events concerned. Thus 
not only are all events which have been correlated of the highest 
magnitude (earthquakes of at least magnitude M = 8 and eruptions 
known to have liberated at least 1024  ergs of thermal energy), but 
they have also been assessed individually in order to ensure that 
no larger magnitude events in the same area gave negative 
correlations. 
The list of events has been reduced by eliminating magnitude 8 
earthquakes in aftershock sequences and those in areas remote from 
volcanic activity; eruptions in the Hawaiian Islands and the 
Galapagos Islands have also been eliminated because magnitude 8 
earthquakes are not known to have occurred within nine degrees of 
either of these regions. The reduced lists contain 114 earthquakes 
and 51 volcanic eruptions. 
32 correlations have been accepted as plausible in the terms 
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set out above. These are listed in Table 5 in descending order 
of violence of eruption. 
In order to assess the significance or otherwise of these 
results, an estimate has been made, within each region, of the 
number of positive correlations that might have been expected to 
have occurred by chance. This has been done as follows:- within 
each region or group of regions in which correlations are inferred 
the area liable to volcanic eruptions has been estimated, enlarged 
to include all points within nine degrees of it s and multiplied 
by the number of episodes of 9000 days that have occurred since 
June 1897 - this gives a figure for each region of the number of 
units of a time-space grid, as defined above. 
The reciprocal of this figure, multiplied by the product of 
the total of large earthquakes and the total of large eruptions for 
each region, gives the expected number of correlations which might 
have arisen entirely by chance. In order to test for significanceY 2 
has been calculated using the corrected value,X,  obtained by 
application of Yates' correction (Fisher and Yates, 1967) to the 
observed values of correlation and non-correlation. This involves 
the addition of the constant 0.5 to all observed values less than 
the expected values and the subtraction of the same amount from 
values greater than the expected values. 
Let a : total of observed correlations and b = total of observed 
non-correlations, both after application of Yates' correction, and 
A and B the equivalent expected totals, 
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then 	 + 	.. B) 2 
	
(13) 
The resulting values 
ofX are converted through standard 
tables (Fisher and Yates, 1967) to give the probability that the 
observed number of correlations occurred randomly due to chance. 
For the purpose of the present study probability levels of 
S to 15% are taken as possibly significant, levels of 0.5 - 
as probably significant, and smaller levels as definitely significant. 
Assessed on this basis, and grouped by tectonic regions, the 
32 assumed correlations give the results shown in Table 6: note 
that Mexico is considered in conjunction with the rest of Central 
America, and the Hokkaido-Honshu arcs in conjunction with the 
Mariana-Bonin Islands and the Kyushu-Ryukyu Islands arc because in 
a number of cases correlations across these boundaries have been 
inferred. 
In Table 6, in all cases, the inferred or observed number of 
correlations is larger than the expected number. Application of the 
X 2 test, however, shows that in only one case, that of the 
Caribbean, can the result be definitely said to be significant. In 
two other cases the number of inferred correlations is such that 
they were probably not due to chance, and in four cases such that 
they were possibly not due to chance. 
A difficulty arises when theX2 test is used on small samples 
for which expected totals A or B are less than about S. To some 
extent the discontinuity in the distribution which arises with small 
samples, compared with the continuousX2  distribution which approximates 
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to it, can be overcome-by the use of Yates' correction for 
continuity. However, the method usually recommended (Fisher and 
Yates, 1967; Moroney, 1956) is to group small samples together. 
In order to estimate the error inX2, therefore, due to the use of 
the small samples in Table 6, all regions which yielded a result 
of 'possibly si gnificant' or better were grouped together andX 
recalculated on the summed data. 
These seven regions, from the Caribbean through to the 
Philippine Islands, together comprised a space-time grid of 215.7 
units, 60 earthquakes, 26 eruptions and an observed total of 25 
correlations. The sum of values of expected correlations was 7.52, 
and the sum 
ofX values 35.998. The reciprocal of the space-time 
grid multiplied by the product of the number of eruptions and 
earthquakes yielded a new figure of 7421 for the expected correlations1 
After application of Yates' correction this yielded a value forX 
of 41.63, an increase of about 15.7% on the sum of individual values, 
35.998. 	 - 	- 
It appears, therefore, that the values 
ofX given above are 
too low and that the corresponding probabilities that the observed 
correlations were due to chance are somewhat too high. However, 
increasing 	by 15,7% has no material effect on significance levels 
for the individual regions except in the case of the Greater Sunda 
arc which becom,s definitely significant: the figures for the 
eastern Mediterranean approach the level at which. they may be 
considered possibly significant. 
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In assessing the meaning of the observed significance in 
individual regions it is necessary to examine the proposed 
correlations carefully. Thus the high level of significance in the 
Caribbean is clearly due to the eruption on successive days of 
Soufrire St. Vincent and Mt. Pele in 1902. Since there can be 
little doubt that these two eruptions did not occur randomly they 
can be considered together as a single eruption. When this is done 
theX value falls to 0.482, which is equivalent to a probability of 
49% that the correlation with the earthquake of October 1900 was 
purely random. 
The remaining region which emerged as showing a significant 
level of correlations is the Greater Sunda arc, comprising Java, 
Sumatra and Bali. Here three earthquakes of magnitude M = 8.1 are 
postulated as correlated with two eruptions on Java, one on Bali 
and one in southern Sumatra, over intervals ranging from 16 to 23 
years. This result is totally unexpected. Unfortunately, the 
underlying assumption can be challenged that large earthquakes are 
equally liable to occur in all nine-square-degree areas along the 
entire length of the Greater Sünda arc. This assumption is 
undoubtedly a good first approximation but may be modified when 
information on large earthquakes is considered for the pre-instrumental 
period of seismology: adeçuate data for a greatly improved study 
exists, certainly for Java, back to the Eighteenth and perhaps 
Seventeenth Centuries. 
Although the associations between large earthquakes and large 
eruptions are tenuous and in no case can be regarded as proved beyond 
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doubt, a significant point is that 76% of the 17 largest eruptions 
since 1900 (those that liberated, more than about 1025  ergs of 
thermal energy) are positively correlated with magnitude 8 
earthquakesi When eruptions in the oceanic environments of Hawaii, 
Samoa and Iceland are removed the total drops to 13 and the 
percentage correlated rises to 100. 
An examination of the table of possible correlations (Table 5) 
shows that there is a tendency for the shorter hypocentral 
distances to be associated with eruptions near the top of the list, 
that is with the larger magnitude eruptions. However, the product 
moment correlation coefficient between these two quantities was 
calculated as only -04256 so that the degree of negative correlation 
is only slight 4 t 
Other properties of the earthquake and eruption 8eries were 
examined, No trend at all could be discerned between'the magnitude 
of the precursor earthquake and the distance of the subsequent 
eruption, nor between the 'velocity' (hypocentral distance divided 
by time difference) and the energy of eruption, nor between the 
magnitude of the precursor earthquake and the eruption. Some 
regularities were, however observed in the so-called 'velocity', 
defining the time-space interval between correlated events. Most 
values lay near 0.1 Km/day, with only a few above 0.5 Km/day, 
although the scatter extends much higher. The median value is 0.15 Km/day: 
when values above 0.5 Km/day are removed, the mean value is also 0.15, 
with a standard deviation of 0.11 Km/day. 
tFootnote: 	see Loveday (1969, p.  136) and Moroney (1956). 
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In conclusion, eruptions following magnitude 8 earthquakes at 
hypocentral distances of less than about 1000 Km fall into two broad 
classes. On the one hand are cases in which a large eruption 
follows a major earthquake at an interval which averages about nine 
years, but which varies from less than two to more than 20 years. On 
the other are the cases in which a large earthquake apparently 
triggers eruption at a nearby volcano within a matter of days, weeks 
or months. 
One of the best examples of the latter is the very violent 
December 1950 eruption of Mthrym which began four days after a 
magnitude 8.1 earthquake some 200 Km to the south-west (see Section C3). 
There is no question of this earthquake having been the ultimate cause 
of the eruption since small earthquakes had been felt in the vicinity of 
Ambrym over the previous two to three months, indicating the imminence 
of an eruption, but it does seem probable that the earthquake caused 
a redistribution of stress in the area which enabled the pent-up 
volcanic forces to break out earlier than they, would otherwise have 
done. An extreme example of triggering of an eruption by a large 
earthquake is the eruption of Ninchinniavida in the epicentral area of 
the magnitude 81 southern Chile earthquake of 20 February 1835 within 
minutes of the earthquake. 
The former, and more common situation of a large eruption 
following a major earthquake after ieveral years can perhaps be 
explained on the basis of the stress-drop theory of Uffen and Jessop 
(1963). A large earthquake occurs randomly within a few hundred 
kilometres of a dormant volcano, giving rise to a stress-drop which 
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may typically be of the order of 100 bars (Press and Brace, 1966).. 
Rock material which is only prevented from melting by the high 
confining pressure becomes molten to a greater or lesser extent, and 
after several years intrudes the crust or passes upwards into a 
high level magma hamber. Added to the existing body of magma 
beneath a volcano this may ultimately cause eruption. 
On a regional basis the clearest evidence of this process 1.8 
seen in the Greater Sunda arc. It cannot, however, be considered as 
established until the truly random nature of occurrence of magnitude 
8 earthquakes in space is demonstrated for this region. Fairly 
strong evidence in favour of the process lies in the fact that all 
17 of the largest eruptions during this century, with the exceptIon 
of those occurring in oceanic areas, can be linked with a precursor 
magnitude 8 earthquake, In particular, by far the largest eruption 
during the period, that of Katmai in Alaska in 1912 0 was preceded 
by an earthquake of magnitude 8.3, apparently in. an unusual location 
and probably at intermedIate depth, in the near vicinity of the 
volcano and some nine years previously.. If a genuine connection 
exists between large magnitude earthquakes and eruptions this should 
be most clearly seen in the case of the Katmai eruption which 
liberated more than three times as much energy as any other recent 
eruption. 
A.need for further discriminants in identifying earthquakes 
with which subsequent eruptions are associated is clearly seen from 
the fact that In Alaska and the Aleutian Islands 10 magnitude 8 
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earthquakes have occurred during this century of which only two 
can plausibly be linked with subsequent eruptions. A detailed 
study of small su1regions using data from previous centuries 
might be sufficient to establish the process with greater 
confidence, both in this and other regions. At present the 
relative importance of self-contained volcanic processes and of 
comparatively distant seismic events remains uncertain. 
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E2 WORLDIIDE INTERNEDIATE FOCUS EARTHQUAKES OF LARGE 
MAGNITUDE AND THEIR INFLUENCE ON VOLCANISM 
Summary 
Intermediate focus earthquakes (focal depth between il and 
349 1(m) of magnitude N = 6.9 or greater have been compared with 
volcanism on a worldwide scale in order to determine the extent to 
which the two sets of phenomena correlate with one another. 
A computer programme has selected the earthquakes which have 
been located within 100 Km epicentral distance of any of the 1100 or 
so known centres of volcanic activity throughout the world, using 
the best estimates of location currently available. 
646 known large magnitude intermediate focus earthquakes have 
been studied, of which nearly half (45%) have been located within 
100 Km epicentral distance of active or potentially active volcanic 
centres. Of this latter group a little over a third, representing 
nearly 16 of total large intermediate earthquakes, appear to have 
been directly associated with eruptions at volcanoes within 100 Km 
epicentral distance over periods of up to 17 years in length. A 
number of other large intermediate earthquakes including many of 
magnitude 8 or greater appear to have been associated with eruptions 
at epicentral distances greater than 100 Km. Uncertainty as to 
location of many of the earthquakes, however, renders the relationships 
somewhat dubious. 
A critical examination of the results using statistical techniques 
suggests that most of the observed relationships could have arisen by 
chance. For many volcanoes and groups of volcanoes a strong negative 
correlation is found, due to a large preponderance of significant 
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eruptions over earthquakes. In the southern Kurile Islands, however, 
a significant interrelationship is observed between the two classes 
of events. For certain areas, notably the Kurilo Islands, Kyushu and 
the central islands of the New Hebrides arc, a special relationship 
between intermediate earthquakes and subsequent eruptions can be 
established with some confidence by the use of shorter time windows. 
E2.1 IIifRODUcTION 
In order to determine to what extent the relationship between 
large magnitude intermediate focus earthquakes (h = 41-349 Mm) and 
volcanic eruptions, which was observed in the case of the central 
volcanoes of the New Hebrides arc (see Section C2), applied on a world-
wide scale, a study has been made of all known intermediate focus 
earthquakes of magnitude N 6.9. By scrutiny of the worldwide data 
file, a list of 646 such events has been compiled. 
Where several Agencies or investigators have determined the 
hypoceritre of an earthquake, the 'best location' has been selected 
on the basis of a somewhat subjective appraisal of the overall 
reliability of each Agency and investigator. Ideally such a study 
should be carried out on hypocentres recomputed by a method such as 
Joint Epicentre Determination programme (Douglas, 1967). 
Unfortunately, however, it has not yet been possible to achieve this. 
The present study is therefore at best a provisional attempt to 
understand the influence of intermediate focus seismicity on volcanism. 
The 'volcano-search' computer programme already described 
(Section A3) was used to list all earthquake locations within 100 Km 
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epicentral distance of any of the 1100 or so active or potentially 
active volcanic centres in the data file. From the output of this 
programme was derived the proportion of the total of 646 large 
magnitude intermediate earthquakes which had a 'best location' 
within 100 Km of any of the listed volcanic centres. Table 7 shows 
the distribution of these events by tectonic region (as defined 
in Table 1). 
Nearly half (5%) of all known large intermediate earthquakes 
were located within 100 Km epicentral distance of volcanic centres 
with some visible degree of activity. At first sight this is a 
strong indication that the two sets of phenomena might be genetically 
connected. However, in the New Hebrides, for example, about 71% of 
the total area liable tointermediate focus seisxnicity at any 
magnitude level lies within 100 Kin epicentral distance of an active 
volcano, whereas in fact only 62% of large intermediate earthquakes 
have occurred within this distance of a volcano. The same holds 
approximately for other regions. There is a strong overall agreement 
between surface volcanism and intermediate focus seismicity, as 
Gutenberg and Richter (1954) and others have pointed out, but within 
the epicentral zone of both phenomena intermediate focus earthquakes 
occur in a manner which is not markedly dependent on the positions 
of active volcanoes. 
E2.2 CORRELATIONS BETWEEN LARGE INTERMEDIATE FOCUS EARTHQUAKES AND 
The question of whether a genuine relationship exists bwen 
intermediate focus seismicity and surface volcanism is a complex 
one which is difficult to test because of the very large numbers of 
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earthquakes in this class, the varying time intervals and the many 
possible relationships which can be invoked, and the extremely varied 
nature of eruptions.. However, on the assumption that the greatest 
importance should be attached to the larger earthquakes and eruptions, 
and having recognised that entirely different seismic regimes may 
exist in different tectonic settings, or in similar tectonic settings 
of different age, one may give a guardedly affirmative answer to the 
question.. 
Those intermediate earthquakes (H t 6.9), at less than 100 Km 
epicentral distance from a volcano, which occurred within a time 
window of 6000 days before or after a significant eruption were 
considered as possibilities for correlation. Earthquakes were 
rejected as associated with eruptions if larger magnitude earthquakes 
showed generally negative correlations with eruptions at the same 
volcano. They were also rejected if the pattern seemed to be one of 
frequent intermediate earthquakes and infrequent eruptions, or vice 
versa. The process of selection was inevitably somewhat subjective, 
but it is felt that it erred if anything on the side of caution. 
In particular, earthquakes at more than 100 Km epicentral 
distance were rejected, although the evidence of correlation between 
earthquakes over magnitude 8 and some of the largest eruptions, for 
example the Katmai eruption of 1912, is that earthquakes at greater 
epicentral distances may affect the development of volcanism. There 
is also reason to suspect that intermediate earthquakes of 
magnitude < 6.9 are commonly associated directly with eruptions. 
The greatly increased volume of somewhat unreliable data, however, 
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which would result from using wider limits would prove difficult 
to analyse and would yield a large number of diffuse results of 
uncertain reality. For the present, therefore., the rigorous 
conditions described were adopted in the expectation that the great 
majority of the most significant and clearest results would be 
highlighted. 
A total of 97 earthquakes out of 646 of the required magnitude 
and within the required distance of an active volcano were 
postulated as associated in one way or another with volcanic 
eruptions. This figure represents 15% of all large intermediate 
earthquakes, and 34% of all large intermediate earthquakes within 
100 Km epicentral distance of an active volcano. Out of these 97, 
59 (61%) were precursors, 26 (27%) accompanied or terminated 
eruptions, seven (7%) both preceded and accompanied (or terminated) 
eruptions (at different volcanoes) and five (5%) were associated 
with eruptions for which the exact date is unknown. 
The distribution of these results by tectonic region is shown 
in Table 7, which also lists the volcanoes for which correlated erup-
tions have been postulated. Non-correlations are given also in the 
remarks column: these are cases in which a large intermediate-focus 
earthquake occurred at virtually zero epicentral distance from an 
active (or potentially active) volcano (+ 3 Km difference between 
calculated epicentral and hypocentral distances), without any 
apparent response at the volcano. 
Clearly some regions show much better apparent correlations 
with intermediate seismicity than others. A notable area for which 
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no correlations have been found is Java, which has a greater 
density of active volcanoes than anywhere else on Earth. Similarly 
no correlations with intermediate earthquakes of this magnitude 
level have been found for the very active group of volcanoes on Luzon, 
in the Philippine Islands. It is suggested that a probable 
explanation for the marked deficiency in large intermediate earthquakes 
beneath these areas is that the upper mantle there contains a higher 
percentage of melt material than in other regions and that it is 
unable to store sufficiently large amounts of strain energy to allow 
the development of large intermediate focus earthquakes to occur. 
Table 8 sets out the results obtained in terms of individual 
volcanoes, showing the percentage of significant eruptions correlated 
with large intermediate earthquakes, and Table 9 shows the extent of 
correlations at groups of volcanoes: these results are illustrated 
in Figure 29 which shows the geographical distribution of apparent 
correlations. Finally, Table 10 summarises the data, illustrating 
the extent to which the occurrence of large intermediate earthquakes 
serves as a useful pointer to variations in volcanic activity. On 
a worldwide scale it is found that only a little over a third (36%) 
of such earthquakes, within 100 Km epicentral distance of a volcano 
which has erupted in historic time, are associated with variations 
in volcanic activity. When terminators of eruptions are excluded 
the figure for large precursor intermediate focus earthquakes, those 
that are of most value in volcanic prediction work, falls to 26%, 
which is clearly below the level of usefulness, particularly since 
it can be demonstrated that the majority of apparent correlations 
could have occurred randomly. 
Fig. 29 	Correlation of volcanic eruptions with nearby large intermediate 
focus earthquakes of magnitude M 	6.9 2 1897 - 1968. 
\\ 	







. 	. - 2c9iL4 	.- 4 	'V 	) 	 ' 	Cetebes-Moluccas 
M2 0/o/ 
Tonga- Ker'madec rc 25(t°75(1oii 	
83 120/o/67(280/o/185 
300/o/23 	 17+/4t\r\ 	45(27J. 	(1O@1: . 	33(100) 
(26°I/ig) : 	' I'JL)) . 
••••..:.• 	 ---------------- ------------- 	 2 	
°b 
4. 	.... 	 .. 	 . 	 25(1 	* 	 •\.. 
. 	 / •: 	 S. 
I! . 	/ 	N'1ani3na-cnjn Is. 	100 i(iOO)  
S 	 / 13°/o/15(29°//7) . 	; 	 .. 	
- 	
\ 
/ •: / 	 S 	
3(1OO) 	't 	5O3 10(100) \ 
,1 	 / Hokkaido & Honshu arcs • . 	 Q ' 	' I : 	/ 	 S 17°I/65 (54 0I/13) 	 . 	(1C)O) 	.' 	 Gre2ter' Sunda rc 
/ 
/1 , c 	(2001o110) 3(10 
. 	 S 	 S 	 S • 	 437 
Kurfle -Karnchtkaarc 	 -Ryuk 	 100(100) 
 
: 	
10?c) • . 	
0 /(> -\:---. -' 
 
2 • 
/100/0/5850/0I11) 	iss. •.. : 
• 	
\. \ 
I 	I 	 •: 	 : 	1OO1uL•?. 	V 	 S. Oi ° L 	 .... . S... 	 \ 	, 
 
co 
+ 	.. 	c  
) c ' 	Z7 	 S. •• • 	




S Mexio-CQstaca 	 /C' 	
S 	
.5. 	&. ,j;2  
12%I93(5QJo(i4) 	
a •_,4 	Js,-, 	'\ \\ 
\\ 	
22(:!Qoi;  
! \ 7(100)– ..29C(1OO\ .: 	 ( 	 S.... 	
• 	
_, 





5O(1OO)+ 	 - 
. 	, 	9(100) .,:• 
 
S , 	•S S 	 t1hi 	 ., 	5 
\ndean South America 	 — 	
S 
17 01o154 (350II23) 
\\ 3300  
1:33 • 
\ \ ••S......... 	•......•• 	S.. 	5&7 
 
All 
\ 	.•••1 	•.... 	25(100) 	 '\ 	 I 	






THE 'V'ORLD 	 5ro/0 /8 (57°hJ 7) 	 I 
16 0/o1675(360Io /256) 	•.. 	 \ 	, 	,.. 	. 	: 	 .5...... 	:•• 	••••. 	S...... 	I 4 
CORRELAT ION OF VOLCAN IC ERUPTIONS 	 J5O(5O) 
VITH NEARBY LARGE INTERMEDIATE-FOCUS --• 




Egum outside brackets 	. percentage of.... • 	 S 	• ••. 	 ... 	...' 
significant votcanl\eruPtons corretted wr1h' 	+ ' 
gure in brackets ' percentage of irtermed- / 
-iate-focus earttiquaI (M.69)'vwthjn1OOkni 	
D 	
/ 
of an ati've volcanic centre,at- 
Q John Bartholemew & Sonft 
+ an individual 'otcano,- \ 	 AtIants equal-2rea projection 
= a group of votcanoes (figuresundedined), - 
Scotia arc tectonic region (percnages lot total 	r 
of significant eruptns ard,in bractsf 1are wit m -'iediate- 	 - 
focus earthquakes near active wkanoeiQth 	Dfl ). : 	
S 
>>' • 
., = regn of active 'dcanoes 	 _ 	 J latter927O 
211. 
IFICANCE OF CORRELATIONS BETWEEfl LARGE INTERNEDIATE FOCUS 
iUiu 7;;0 7OLCANI71 
In Order tc Stalis; the igiXicacc or otLerwise of these 
apparent correlations, a null hypothesis has been adopted that the 
observed distribution of large intermediate earthquakes within the 
arc structures is random in time and space; it is assumed that 
significant volcanic eruptions also occur randomly in time, their 
positions in space being fixed at the knorn active volcanic centres. 
On this hypothesis any apparent correlations between the two classes 
of events are due to chance. 
TheX2 test, after application of Yates' correction for 
continuity (Fisher and Yates, 1967), has been used to test the 
validity of the null hypothesis against the inferred correlations. 
As before, values of 	the corrected value of 	giving a 
probability of 0.5 to 4.9t are taken as indicating results that were 
probably not due to chance,.and lower percentage probabilities as 
definitely significant, that is as definitely not due to chance. 
Probabilities of 5 to 15% are considered possibly significant. 
The expected number of correlations is given by the product of 
the total number of large intermediate earthquakes and the total 
number of significant eruptions, divided by the number of units of 
the time-space grid; a unit of the time-space grid is taken as 
6000 days and an area equal to a circle of radius 100 Km respectively. 
The maximum number of possible correlations is taken as the total 
number of large intermediate earthquakes or the total number of 
si gnificant eruptions, whichever is the greater; where these 
figures are equal, and equal also to the number of inferred 
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correlations, the 	 possible' total is increased by the 
number of inferred non-correlations that have occurred. Thus 
a total of three correlated earthquakes out of a possible total 
of three, and two eruptions out of a possible three, would yield 
a total of three correlations out of a possible four, since two 
earthquakes are evidently associated with a single eruption. 
Table 11 gives the results of applying theX  test to the 
data summarised in Tables 8, 9 and 10 and illustrated in Figure 29. 
Apart from the special relationships obtained by use of time windows 
shorter than 6000 days, 78% of the correlations prove to be negative, 
insofar as the inferred number of correlations is smaller than one 
would expect for a purely random distribution of events. In the 
remaining 22% of the cases the inferred number of correlations is 
larger than the number expected on the basis of the null hypothesis, 
but in only one case is there evidence that this positive correlation 
is other than random variation due to chance. In 14 cases (24% of the 
total) the negative correlation is such that it was probably not due 
to chance, the reason being a marked excess of significant eruptions 
over large intermediate earthquakes. 
The conclusion that should be drawn from these essentially 
negative results is that in those regions and at those volcanoes 
which show significant negative correlations the majority of large 
eruptions are unconnected with large intermediate focus earthquakes 
in the immediate vicinity over intervals of the order of 16 years 
The observed or inferred positive correlations in other areas may 
indeed be genuine but if so, in the overwhelming majority of cases 
they are counterbalanced by sufficient numbers of uncorrelated events 
for the statistical significance of the results to be destroyed; 
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equally, they may have occurred entirely randomly. The result is 
equivalent to a verdict of 
One is, however, loft with the single case of poc1tve 
correlation which emerges from thcX  test as having probably not 
been due to chance. This is for large intermediate earthquakes and 
cruptons in the southern Kurile Islands, where nearly three times 
the number of correlations have been inferred as would be expected 
on a random basis. There are seven active volcanoes in this area, 
of which four are believed to have erupted during this century; two 
of the eruptions are doubtful (but probable). They are as follows (with 
years of eruption in brackets):- Atsonopuri (1932?), Kudriavy (1946), 
Berg (1951) and Baransky (1951?). Three large intermediate 
earthquakes occurred in the vicinity of Atsonupuri up to eight years 
before the probable oruption in 1932: one 1arc earthquake is 
inferred as a precursor for an eruption of Berg after an interval 
of nine years, and about four years after the. eruption an apparent 
terminator occurred. A sixth earthquake, in the vicinity of Kudriavy 
and Baransky, can be tentatively considered a terminator for 
eruptions at one or both of these volcanoes, respectively 16 and 11 
years earlier. 
There are no markedly abnormal features associated with this 
group of vo1canoes Of.the four which show apparent correlations, 
three, Atsonopuri, Berg and Kudriavy, are described (Gorshkov, 1958) 
as strato-volcanooc of the comma type (as in the case of Vesuvius,. 
repeated eruptions have developed a system of nested craters with 
axes progressively displaced along a preferred direction): Baransky 
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is a strato-volcano with andesitic and dacitic domes. Berg is 
also reported to have adventive domes, and andesitic lava flows of 
the 'aa' type. Kudriavy and Atsonopuri have emitted both basaltic 
and artdesitic lava flows. Eruptions in the group are infrequent, 12 
having been recorded since 1778: the average intervals between 
eruptions at a single volcano are long, of the order of 50-100 years. 
Similarly, no unusual features can be discerned in the seismic 
regime beneath the area. The southern Kurile Islands, in company 
with neighbouring parts of the Hokkaido, Honshu and Kurile-Kamchatka 
arcs, are characterised by a very high level of shallow and intermediate 
focus seismicity located on a plane dipping downwards beneath the 
Asiatic continent. Deep focus earthquakes occur to the north-west 
beneath the Sea of Okhotsk and Sakhalin. The region could be described 
as a typical and very active Circum-Pacific island arc. 
The -use of shorter time windows limiting possible correlations 
to intervals of less than 6000 days appears justified in some cases. 
Thus for the central islands of the New Hebrides arc, comprising the 
four active volcanoes, Ambryrn, Lopevi, Karua and the, submarine centre 
east of Epi, attention has already been drawn, in Section C2, to the 
apparent correlation between large intermediate earthquakes and 
subsequent eruptions within periods of 150 days. The application of 
the X to the observed relationships (see Table 11) shows that about 
three and a half times as many correlations can be inferred as would 
be expected on a random basis and that the probability of this 
happening by chance is less than 1%. This contrasts strongly with 
the significant negative correlation, with a value of 2  more than Xc 
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twice as great, for exactly the same area (see New Hebrides, central 
islands group, in Table 11), when a time window of 6000 days is 
used. In spite of a high apparent level of correlation at Tinakula 
volcano in the Santa Cruz Islands (see Section C2) Table 11 shows 
that the observed result could have occurred by chance. 
Examination of the intervals between inferred correlations for 
other areas shows that few regions, volcanic groups or individual 
volcanoes have features as regular as the central islands of the 
New Hebrides in their ascociations with large intermediate earthquakes. 
In the southern Kyushu group of volcanoes, however, enlarged to 
include Suwanosejima in the northern Ryukyu Islands, three out of 
five possible correlations have been over intervals of four and a 
half years or less: this proves highly significant and is unlikely 
to have occurred by chance. The individual volcanoes of this group 
are among those that show the most convincing evidence of correlation 
with large intermediate-focus earthquakes. 
Similarly, when the Kurile Islands are considered as a whole 9 a 
large proportion of inferred correlations are seen to be concentrated 
about intervals of eight or nine years. Ipp1ication of theX2 test, 
using a time window of ten years, shows that these results are also 
highly significant; these also are unlikely to have arisen by chance. 
In conclusion, therefore, considerable evidence exists to link 
large intermediate-focus earthquakes with changes in activity at 
volcanoes at epicentral distances less than 100 Km. Evidence of 
associations at greater epicentral distances can be produced, notably 
in the case of the 1912 Katmai eruption, but correlation becomes 
progressively more and more difficult to establish. No constant 
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relationship can be discerned on a worldwide or even regional scale 
for the intervals between precursor intermediate earthquakes and 
subsequent eruptions, but such relationships may be inferred for 
certain groups of volcanoes, notably for the central islands of the 
New Hebrides, the volcanoes of southern Kyushu, and for the Kurile 
Islands. 
Different conditions appear to operate in these three areas. 
Thus in the central New Hebrides there is a tendency for eruption to 
occur within 150 days of a large intermediate earthquake, with a 
'velocity' defined by 1672 + 0.19 Km hypocentral distance/day. In 
the Kurile Islands intervals between large intermediate earthquakes 
and eruptions are longer; the intervals vary between 0.3 and 9 years, 
but six intervals yielded a mean 'velocity' of 0.13 + 0.10 Km 
hypocentral distance/day. In southern Kyushu and the northern 
Ryukyu Islands.several examples of intervals near four years are 
observed. 
The percentage of large intermediate earthquakes correlated with 
eruptions is nearly always much larger than the reverse. Thus, whereas 
many significant eruptions occur without large magnitude precursor 
earthquakes in the upper mantle beneath their immediate areas, a 
much smaller number of large intermediate earthquakes fail to 
correlate with changes in eruptive activity. This suggests that large 
release of seismic energy in the 	of a volcano commonly has a 
profound effect on activity at the surface. It is probable that the 
use of further discriminants such as focal mechanism determination would 
clarify the relationship between volcanism and this particular type of 
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seisniicity, and night suggest whether the regularities observed in 
the so-called 'velocities' should be thought of in terms of rising 
magma, or merely in terms of regional stress. 
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E3 WORLDWIDE DEEP EARTHQUAKES OF LARGE MAGNITUDE 
AND THEIR RELATIONSHIP TO SEISMICITY AND VOLCANISM 
Summary 
258 deep earthquakes (h 350 1(m) of magnitude M a 6.4 are 
believed to have occurred throughout the world since 1900. The 
dates and locations of these have been compared with significant 
seismió and volcanic events abstracted from the merged data file 
in an attempt to find convincing. correlations. 
Results suggest that large magnitude deep earthquakes tend to 
be associated in time with other large magnitude events, but that 
this has nothing to do with depth of focus. Rather there is a 
tendency for all large magnitude earthquakes, irrespective of 
focal depth, to occur in clusters, suggesting that large release 
of seismic energy at all depths is a result of widespread tectonic 
instability due to some fundamental cause which is not yet 
properly understood. 
There is no clear correlation between significant volcanic 
events and large magnitude deep earthquakes. If anything, there is 
a tendency for such earthquakes to follow large erupt ions rather 
than to precede them, but it cannot be said that any general 
relationship exists. A number of apparent correlations between 
large deep earthquakes and large earthquakes at all depths, and 
between large deep earthquakes and stibstantial volcanic eruptiors 
are examined butit is corcluded that most of these could have 
arisen by chance. 
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E3.1 INTRODUCTION 
If the Blot hypothesis holds on a worldwide scale and if there 
is some sort of correlation between the magnitude of a deep earth-
quake and the size of a subsequent eruption or shallower earthquake, 
the process should be most easily recognised in the case of deep 
earthquakes of large magnitude. 
A list has accordingly been abstracted from the data file of 
all deep focus earthquakes (h 350 1(m) of magnitude N 6.4. This 
magnitude level was chosen because it represents half an order of 
magnitude below the threshold (M = 6.9) accepted in the case of the 
far more numerous intermediate focus earthquakes: furthermore it 
represents the convenient figure for radiated seismic energy of 
1021 ergs. The search yielded 258 such earthquakes, of which 3 
were of magnitude N t 7.3 9 9 of magnitude N 7.9 0 and 3 of 
magnitude N 8.0. The magnitude of the largest event was 
The dates and locations of these 258 earthquakes were compared 
with those of seismic and volcanic events consIdered significant 
because of their exceptionally large magnitude, or large magnitude 
and unusual location'. In judging the significance of apparent 
correlations the, greatest importance was attached to the deep 
earthquakes of greatest magnitude. 
Table 12 lists the 34 events of magnitude Mb 7.3, in order of 
magnitude and shows the correlations with other events which could 
be most plausibly inferred. Many of these'are quite clearly of an 
extremely hypothetical nature • Nevertheless it was thought 
worthwhile to examine them. This has been done most thoroughly for 
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the south-west Pacific where apparent correlations show a degree 
of regularity in the types of associated events and in the intervals 
that separate them which cannot be matched in other parts of the 
world. 
E3. 2 CORRELATIONS BETWEEN LARGE DEEP EARTHQUAKES AND THE LARGEST 
SHALLOW AND INTERMEDIATE FOCUS EARTHQUAKES 
The suggestion that many shallow and intermediate focus 
earthquakes had their origin in deep focus earthquakes was first 
put forward by Blot (1964): Grover (1967) extended the idea and 
postulated thaV large shallow earthquakes could be triggered at 
distances of the order of 1000 Km by converging patterns of 
instability due to two or more deep earthquakes. In order to test 
the hypothesis an examination has been made of the pattern of large 
scale seismicity in the south-west Pacific after the occurrence 
of the largest deep focus earthquakes in the region. As before, 
it is assumed., possibly incorrectly, that any process of this kind 
should be more easily identified in the case of the larger 
rather than the smaller earthquakes. A search for the process has 
also been made among the largest deep earthquakes of other regions. 
Of the possibilities listed in Table 12, six out of seven deep 
earthquakes of magnitude 7.5 in the Fiji-.Tonga area have been 
linked with four earthquakes of magnitude3 8.0 in the general 
south-west Pacific area. Examination of lists abstracted from the 
seismo-volcanic data file shows that 18 earthquakes of magnitude 
8.0 have occurred in this region, between the Solomon and 
Kernadec Islands, since 1900. With a time window of 800 days 
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within which correlations are taken as significant, the expected 
number of correlations is found to be 3.0, assuning a random distri 
bution of events due to chance. No significance can therefore be 
attached to these four inferred correlationeg the association 
could well have been coincidental. 
Extending the magnitude range of acceptable correlations 
worsens the reoult o The number of possible events increases very 
much more rapidly than the number of observed correlations0 Thus 
if deep focus earthquakes in the south-west Pacific between the 
Solomon and Kermadoc Islands of magnitude 7.3  be correlated, with 
earthquakes of magnitude t 8.0 over the same area, six deep earth-
quakes out of a possible 11 can be correlated with four magnitude 0 
earthquakes out of a possible 16. With a time window of two and a 
half years, 'the minimum for six corre1atione the expected number 
which might be due to chance is found tobe 6.1. This again agrees 
proese1y with the observations. 
1D however, correlations with earthquakes of magnitude 4 7.0 
are accepted for the same 11 deep focus events, the figures become 
seven out of U deep earthquakes correlated with ten out of 21 
other earthquakes which, with the optimum time window of two and a 
half years, yields an expected total of 9.5 correlations due to 
chance against an observed 'number of only ten. Thus results which 
at first sight look convincing lose their significance when viewed 
against the background of possible correlations. Regularities can 
be found in the intervals linking correlated events, but it seems 
probable that these are due to the configuration of the seismic 
regions and to a random distribution of events rather than to any 
physical relationship. 
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For example, to carry this point further, sixout of seven 
of the largest deep earthquakes in the southu.wot Pacific can be 
correlated reasonably convincingly with 11 unusually large 
magnitude or abnormally distributed earthquakes (Table 12). The 
'velocity' given by the hypocentral distance divided by the time 
difference is markedly higher in three of the 11 correlations than 
in the other eight. If these three, the Solomons earthquake of 
January 1939 and the Ellice Islands and Caroline Islands earthquakes, 
be dropped, the mean velocity linking the 'precursor' deep earthquakes 
with the remaining eight is found to be 2.54 Km/day, with a 
standard deviation of 0.47. This at first sight would appear to be 
a useful and significant result. 
Application of theX test to this figure, however, shows that 
a random distribution of events might be expected to yield an equal 
or rather larger number of correlations. For a time toipdowof two 
and a half years and a 'velocity' window of 0.94 Km/day the expected 
number of correlations is 10.7, whereas in fact only 8 have been 
observed:X 	
0.493, and the probability that the observed result 
is due to chance is 49%. 
Examination of the most plausible correlations for other parts 
of the world suggests that there also no significant relationship 
exists. The interesting association of the largest recorded deep 
earthquake (near the south coast of Honshu in January 1906) with 
the largest earthquake of this century, at any depth, off the coast 
of Ecuador ten days later, could undoubtedly be deemed significant 
if emphasis is placed on the depth of the earlier earthquake, but 
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this would be difficult to prove since only one deep earthquake of 
this magnitude has occurred. Viewed, however, as a pair of magnitude 
0 earthquakes, the result is not significant (see Section El). 
Even when the magnitude limits are further restricted and the 
distribution of intervals between earthquakes of magnitude 8.4 
only is considered, the association between the Honshu and Ecuador 
earthquakes proves to be explicable in terms of the Poisson 
distribution. The predicted frequency of a pair of earthquakes 
above this magnitude level inside a ten day period, on the basis of 
a random Poisson distrIbution, is 0.38: the observed frequency is 
2. Since one pair of earthquakes of this magnitude has already 
been shown to be significantly linked, the observed frequency becomes 
1. The corrected value of 	for this discrepancy is 0.0351 which 
amounts to an 86% probability that the relationship was due to chance. 
When regularities in 'velocities' between supposedly correlated 
events are examined, results are found to be less coherent than for 
the south-west Pacific. Thus for Andean South America a mean 
'velocity' of 6.7 + 2.9 Km/day was obtaIned; clearly, however, such 
a high standard deviation renders this result meaningless. Comparable 
results, none of them significant, were obtained for Japan, the 
Kurile-Kamchatka arc, and Indonesia. 
Examination of Table 12 suggests that a genuine relationship 
may exist between deep focus earthquakes in the Sea of Okhotsk-
Far East U.S.S.R. region and the largest earthquakes and volcanic 
eruptions in the Kurile-Kamchatka arc. All three deep earthquakes 
*Footnote: Two earthquakes of magnitude 8.4 on 0 August 1901, in 
the Loyalty Islands and off the east coast of Honshu (see Section El). 
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in this area of magnitude t 7.5 can be fairly plausibly correlated 
with three out of a possible eight earthquakes of magnitude t 8 
and two out of three of the largest eruptions (Eth 1025 ergs) in 
the arc. If all correlations are accepted, however, a rather long 
time window, of a little over six years, is required, and the 
probability that the observed associations are due to chance is 
24%. By eliminating the supposed correlation with the Bezyinianny 
erttption, the time window can be reduced to 2.75 years and the 
probability to 14.6%. This, however, can only barely be considered 
'possibly significant'. 
In conclusion, therefore, there is no real evidence of a 
meaningful association between large deep earthquakes and the largest 
shallow and intermediate earthquakes, since it is possible to 
explain all observed relationships as having been due to chance. 
Figure 30 0  presenting a comparison between deep earthquake energy 
release and shallower activity for the New Guinea, Solomons, and 
New Hebrides arcs over a limited period, suggests that if anything 
there is a slight tendency for deep energy release to lag slightly 
behind that of the other earthquakes. Both appear to increase and 
decrease together, as if both respond to some external process. 
Irrespective of focal depth, energy release tends to be clustered. 
Given the observed tendency of large earthquakes to occur in 
clusters (see Figure 4 and discussion in Sections B4 and 86), a 
better explanation for the occurrence of several large magnitude 
events in restricted time-space intervals is that in certain periods 























----------N-EW_GUINEA- BISMARCKS - SOLOMONS - NEW HEBRIDES - LOYALTY ISLANDS (REGION NUMBERS 183-207) 
ENERGY PLOT 
of 
DEEP EARTHQUAKES (h300km) 
vPrSIic 
1963 	 1964 	 1965 	 1968 	 1967 
1022 
Fig. 30 	Energy plot of deep versus shallow and intermediate 
focus earthquakes, New Guinea - Bismarcks - Solomons - 
New Hebrides - Loyalty Islands, January 1963 - October 1967. 
226. 
The time and place of -auch release of energy is dependent much 
more on the process of accumulation, rather than on the pattern of 
seismicity in neighbouring areas, so that large nearby earthquakes 
probably have no causative role but act simply as triggers. Such 
triggers are perhaps generally ineffective: only when an area is 
already extremely close to rupture is it likely to respond to 
earthquakes elsewhere. The evidence of the lack of a coherent 
pattern in 'velocities' between pairs of earthquakes suggests that 
earthquakes are largely independent of each other but dependent, in 
a single region, on a conon stress field, variations in which cause 
something approaching a common response. The cause of such periods 
of tectonic instability is unknown, but should be looked for, 
perhaps, in variations in the rate of underthrusting of continental 
margins by plates of oceanic lithosphere. 
E3.3 CORRELATIQNS BETWEEN. LARGE DEEP EARTHQUAKES AND SIGNIFICANT 
VOLCANIC ERUPTIONS 
Blot (1964 0 and in subsequent papers) has sought the origin 
of volcanic eruptions in deep focus earthquakes. This he has done 
primarily for the New Hebrides are, and the evidence has been 
reviewed in Section Cl. He has also extended his researches to 
Japan, the.Philippine Islands and the Kormadec Islands (Blot s 1965 
a,b,c). 
Deep earthquakes are infrequent in the New Hebrides arc: only 
two of magnitude b 6.4 are known to have occurred during this century. 
Unless, therefore, the process is a purely local one, it should be 
more clearly seen in regions such as the Fiji-Tonga.1(ermadec arc, 
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where about a third of world deep seismic energy release takes 
place (see Section Bi). An examination has accordingly been 
made of the likely correlations between eruptions and deep earthquakes 
of magnitude a 7.3 on a worldwide scale, and between eruptions and 
deep earthquakes of magnitude at 6.14 in the restricted south-west 
Pacific context, The results of the first are given in Table 12. 
These, it may be seen, refer to only eight eruptions, of 
which only four released thermal energy of the order of 1025  ergs; 
they were Matavanu 1905 0 Keudach 1907 9 Tungurahua 1918 and 
Bezymianny 19566 Since 17 eruptions of this magnitude are known 
to have taken place since 1900, of which 114 occurred in or close to 
island arc structures of the kind in which deep earthquake activity 
occurs, and given the space-time units appropriate to the 
correlations, it is found that 10 such apparent correlations could 
be expected due to chance, whereas only six are inferred. 
The remaining four eruptions correlated, Bagana and Vulcan 1937, 
Stromboli 19511 and Raoul Island 1964 9 were, with the possible exception 
of Stromboli, all below the level of energy release of 1024  ergs. In 
view of the very large number of comparable eruptions at volcanoes 
throughout the world these correlations cannot be considered 
significant: almost certainly they arose by chance. 
One is left, therefore, with the posoibility that there may be 
local dependence of: volcanic avity on deep seismic activity, or 
that there may be an upper limit to the magnitude of deep earthquakes 
that are significant in the process of developing volcanism. Such 
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ideas can be examined best, perhaps, for the south-west Pacific, 
where, as in the case of apparent seismic responses to deep 
carthquakesi a greater element of regularity can be detected in 
the data. 
In fact when all deep earthquakes of magnitude 6 .' are 
examined, it is seen that for the south-west Pacific as a whole no 
convincing relationship exists . There are 105 deep earthquakes above 
this magnitude level in the region, of which 85 occurred in the 
Fiji-Tonga arc.. The degree of correlation between these 85 events 
and volcanic activity, whether in the Tonga-New Zealand volcanic 
arc, or in the New Hebrides,. Solomon Islands or New Guinea, is 
slight, and is almost certainly due to chance. If anything, there 
is a tendency for the largest deep earthquakes to occur after large 
eruptions rather than before, but the relationship is to all intents 
and purposes random. 
Excluding these 85 9  therefore, on the fully justified assumption 
that the Fiji-Tonga deep seismic activity, the most significant of 
any region in the world, has no direct influence on surrounding 
volcanism, one may search for a significant relationship for the 
remaining 20 earthquakes, 12 of these occurred in the Bisniarck and 
Solomon Islands, six in the Kermadec Islands, and the remaining two 
in the New Hebrides, Eight of these events can be plausibly linked 
to volcanic eruptions at intervals defined by•a 'velocity' of 
0.64 + 0.55 Kin/day. Considered together, against a total of at 
least 28 significant eruptions that took place in the same area, 
these eight represent in fact a negative correlation. This is due 
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to the long interval between one correlated pair of events, and to 
the scarcity of large deep earthquakes in the New Hebrides. 
By omitting those correlations that necessitate unduly long 
time windows, one can derive the best possible values for the 
expected number of random correlations, and hence the lowest values 
for the probability that the observed correlations occurred by 
chance. The results are as follows:- 
0.0018L, 97% probability due to chance. New Hebrides aro,X  
Kermadec Islands,X 	0.17, 68%  
Solomon and Bismarck IslandsX2 	3.665 9 5.8% " " 	" 	ft 
The result for the Solomon and Bismarck Islands, which qualifies as 
'possibly significant', was obtained by reducing an initial total 
for plausible correlations of six out of six deep earthquakes with 
four out of 10 eruptions (over a time window of 11.5 years), to three 
out of six deep earthquakes and three out of 10 eruptions (over a 
time window of only 1.5 years). The deep earthquakes that thus hint 
at the possibility of a significant relationship are:- 31 August 1938, 
11 = 6.7 0  possible terminator for eruption of Vulcan (29 May 1937), 
3 September 1960, M = 6.6, possible precursor for eruption of Bagana 
(15 February 1962) and 6 July 1965, N = 6.5 9 posib1e precursor for 
eruption of Bagana (31 May 1966). 
At best this result is dubious. It is certainly insufficient 
for the development of a theory linking deep focus seisndoity with 
volcanism. The 'velocity', derived from 10 supposedly correlated 
intervals for the south-west Pacific,of 0,6 + 0.55 Km/day, is 
definitely not significant. Such a result could have arisen quite 
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easily by chance. An ecamination of plausible correlations between 
deep earthquakes of magnitude 6.4 and notable eruptions in other 
parts of the world yields an average 'velocity' of 1.1 + 0.9 Km/day, 
which is again a result that could readily arise by chance. 'Jor 
does the proportion of events elsewhere which can be satisfactorily 
correlated rise to significant levels when viewed against the 
proportion.which could be randomly associated. 
One must conclude, therefore, that either .there is no real 
relationship between deep focus seismicity and shallower seismicity 
or volcanism, or that such a relationship is obscured by a high 
proportion of random events, or events due to other causes. In 
certain restricted areas, the pattern of deep earthquakes of lesser 
magnitude than the threshold of 6.4 adopted for this study appears 
to have some sort of relationship with. impending volcanism. This 
is true of parts of the New Hebrides and Kormadec Islands, but in 
no case can it be shown to exceed the probable level of random 
occurrence. For the larger magnitude events, however, which have 
been examined in detail in the course of this research, it is 
unlikely that any meaningful relationship exists either with large 
earthquakes at shallow depth or with volcanic activity. 
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F. 	CONCLUSIONS 
a period of convulsion, when upheaving fires from the 
abyss, and ocean-currents above, had contended in sublime 
antagonism, - the one slowly elevating the entire tract, the 
other grinding it down and sweeping it away." 
Hugh Miller, Chapter II, p. 50, 
'The Old Red Sandstone', 1841: 
(Everyman's Library, No. 103, 
J.M. Dent 8 Sons Ltd., 1906) 
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F). THE SIGNIFICANCE OF EARTHQUAKES IN THE DEVELOPMENT 
OF VOIJCAISM IN .ISLAND ARC ENVIRONMENTS 
Summary 
The case for the influence of earthquakes on the development 
of volcanic processes is reviewed, and a classification of such 
earthquakes is attempted. The interdependent relationship between 
seismicity and volcanism is considered in the context of changing 
tectonics, particularly in the Melanesian region of the south- 
west Pacific. 
The observed features of the south-west Pacific border region 
can be explained by postulating opposing movement of the Pacific 
and Australian blocks in terms of the seafloor-spreading hypothesis. 
The migration of the arcs and the mode of incorporating segments of 
the Pacific block into the Australian block are decoribed. A 
structure between the Bisxnarck and Solomon Islands is interpreted 
as one forming at the present time, cutting across Tertiary 
lineations. 
Fl.l INTRODUCTION 
In the course of the preceding sections an analysis has been 
made of some of the relationships between seismicity and voloanism. 
Although this has been carried out on a worldwide scale, it is 
important to emphasise that the sample of activity studied is both 
short and essentially transitory. Neither seismicity nor volcanism 
are stationary processes: both modify the environment in which they 
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take place, and both, imperceptibly but surely, migrate through the 
Earth's crust and mantle. 
In this section, conclusions already obtained are briefly 
reviewed and are examined in the context of developing processes 
of seismioity and volcanism in Pacific-type island arc environments, 
particularly as observed in the Melanesian region of the south-west 
Pacific. 
F1.2 THE INFLUENCE OF EARTHQUAKES ON DEVELOPING VOLCANISM 
It has been shown, in Sections C and E, that deep focus 
aeisniicity appears to bear no direct relationship to shallower 
seisinicity or volcanic activity that cannot be explained equally 
well as having been due to chance. In the Fiji-Tonga-Kermadec arc, 
where more than a third of global deep seismic energy release takes 
place (see Section Bl), volcanic activity is relatively weak and, 
although shallow earthquakes are frequent and are of large 
magnitude, they bear no apparent relationship to the dates of 
occurrence of deep earthquakes. 
Similarly in the New Hebrides a wide spread of possible time-
space intervals linking deep earthquakes and subsequent eruptions 
can be observed (see Figure 7): 'unique' points are evenly distributed 
within a time window of three years (and beyond), and this is strong 
evidence in favour of random association of the two sets of phenomena. 
Figure 30 confirms that no lag of shallow focus seismicity behind 
deep can be detected. On a worldwide scale, for the largest 
magnitude deep earthquakes, observed relationships are again such as 
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would be expected on the basis of chance occurrence of events. One 
must conclude, therefore, that the Blot hypothesis, insofar as it 
demands deep earthquakes (in the strict sense of h t 350 1(m) as the 
source of rising sequences of stress release, fails to account for 
the facts. 
However, when the ideas put forward by Blot (1964) are applied 
to a study of the relationships between intermediate focus 
earthquakes and subsequent volcanism, a very different picture 
emerges. For the central New Hebrides Islands a proved significant 
relationship between the larger intermediate earthquakes and 
eruptions at nearby volcanoes within 150 days establishes apattern 
for which a search has been made in all volcanic areas. 
Significant relationships are detected in a number of regions 
by the use of short time windows, comparable to that of 150 days in 
the New Hebrides. As time windows are increased in length the 
significance of observed relationships declines. This suggests that 
there is a growing tendency with the passage of time for sequences 
of causally related intermediate earthquakes and eruptions to become 
or confused by random intermediate earthquakes and 
eruptions. The longer a sequence takes to mature between its 
'source' at intermediate depth and its surface eruption, the more 
likely is its significance to be lost in a growing flood of 
unrelated events. 
Isolated instances in which significant results persist through 
to time windows of the order of 10 years in length (see the case of 
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the southern Kurile Islands discussed in Section E2) are of great 
importance. They suggest that similar processes may apply in all 
areas but that they become unobservable owing to the- large number 
of unrelated intermediate earthquakes or eruptions that occur. This 
in turn suggests that a further discriminant is required in order to 
define whether an intermediate focus earthquake is related or not to 
processes of subterranean volcanism. There is every reason to 
believe that the necessary discriminant may be found in the field of 
earthquake mechanism. 
The powerful effects apparently associated with some intermediate 
focus earthquakes of very high magnitude (for example the Katmai 
eruption of 1912 which followed nine years after a magnitude 8 
earthquake at an intermediate depth in the vicinity) led to an 
examination of the relationship between very large magnitude 
earthquakes, irrespective of depth of focus, and subsequent eruptions. 
Evidence of associations that were unlikely to have been due to chance-
were found in the Greater Sunda arc of Indonesia. It may perhaps be 
significant that this region is one in which large magnitude 
intermediate focus earthquakes do not occur: it is suggested that 
this may be because of large concentrations of magma in the upper 
mantle which weaken the environment to the extent at which large 
accumulations of stress become impossible. Similar conditions prevail 
beneath many of the most active volcanic areas, for example northern 
Kamchatka, Ecuador, the Philippine Islands, Unimak Island and parts 
of the Aleutian arc, and elsewhere. 
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Aside from long term associations between earthquakes and 
volcanic eruptions, ranging from periods of 150 days in the central 
New Hebrides to 10 years and more elsewhere, attention has been 
drawn to the 8hort term influence of earthquakes on volcanism. For 
very low magnitudes the characteristic picture of superficial 
volcanic tremors has been examined for the two active volcanoes, 
Stromboli and Etna, and for the dormant Gran Craters, Vulcano. 
Instances of triggering of eruption by large earthquakes at epiccintral 
distances of 200-300 Km are considered and it is concluded that 
stress changes due to these earthquakes were directly responsible 
for inducing eruption. The most notable cases of this phenomenon 
occurred in Chile; the eruption of Minchinmavida following within 
minutes after the great earthquake of 20 February 1835, and the 
eruption of Puyehue 48 hours after and as a direct result of the des-
tructive earthquakes in May 1960. , The 1950 eruption of l½mbrym 
volcano four days after a magnitude 8 earthquake is a comparable 
case. A suggestion is made in Section C3 that earthquakes which bear 
a triggering relationship to eruptions generally cause increased 
compression at volcanoes, whereas those that essentially cause 
eruptions rather than merely trigger thorn, give rise to increased 
tension beneath their roots. The causative mechanism is perhaps 
melting of rock as a result of stress drops associated with the 
earthquakes, which commonly precede eruptions by intervals of the 
order of months or years. 
In the absence of focal mechanism determinations for most 
earthquakes, and faced with ambiguity in the majority of those that 
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have been studied, there is little that can be done to account for 
apparent triggering of volcanic activity by large earthquakcs: in 
general the associations can only be noted. There have been some 
remarkable cases of the phenomenon. For example, immediately 
following a large earthquake in the New Guinea Highlands on 
24 April 1964 (magnitude m = 6.3) a sharp decrease took place in the 
frequency of occurrence of small tectonic swarm shocks in the area 
of Rabau],. (at a distance. of 880 Km from the earthquake), and, all on 
the same day, a violent eruption commenced at Bagana volcano on 
Bougainville, 1215 Km away (G.W. d'Addario, personal communication). 
Other apparent cases are:- an earthquake of magnitude M = 7 24 in 
southern Sumatra on 3 June 1909 and an eruption of Sumbing volcano 
on the same day: an earthquake of magnitude about M = 7.1 on 13 December 
1910 in East Africa (a rare event), accompanied, on the same day, by 
activity at Meru volcano (apart from a small eruption on 
26 October 1910 and two other minor ones following within 10 days 
of this earthquake, this is the only known eruption since 1886), 
see Anon., 1911, report of expedition by Professor K. Uhlig to 
Mt. Meru: 13 May 1969, earthquake of magnitude M = 6.5 in the 
Nicoya Peninsula of Costa Rica at 141632 G.M.T.; this was followod 
at 1420 G.M.T. by eruption of Poas volcano, and at 1500 G.M.T. by 
*footnote:... A focal mechanism study has been made of this earthquake, 
employing the computer programme in use at the I.S.C. The results 
indicate that an increase in compression occurred at the time of the 
earthquake in the azimuths of both Rabaul and Bagarta. 
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eruption of Arenal volcano, both more than 100 Km distant (report of 
Smithsonian Institution, Center for Short-lived Phenomena). 
Such cases may be multiplied. Many were probably chance 
associations; some, like those mentioned above, were almost 
certainly associations of cause and effect, triggering of eruptions 
that were already impending, by sudden changes in the ambient stress 
field. They may be fitted into a scheme of classification of 
earthquakes associated with volcanism, which would read approximately 
as follows:- 
1. Events causing eruption 
Intermediate focus earthquakes within about 100 Km epicentral 
distance of a volcano, giving rise to stress drops or 
tensional conditions in the volcano's roots (example, central 
islands of the New Hebrides, see Section C2). 
Intermediate focus earthquakes at distances of up to 500 Km 
probably giving rise to tensional conditions beneath the 
volcano: these appear to be always of large magnitude (example, 
Erromango area affecting central islands of the New Hebrides; 
see Section C3). Note that some deep earthquakes of large 
magnitude hint at the presence of a significant relationship 
with later eruptions (for example, eruptions at Bagana 
mentioned in Section E3). Deep earthquakes in this context 
may perhaps be considered a special case of intermediate 
earthquakes. 
0 Large magnitude shallow earthquakes (magnitude a 8). These 
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also probably cause tensional conditions to develop at a 
volcano with the result that partial melting takes- place. 
Note that there is a tendency for intermediate focus 
earthquakes to prove more effective in influencing or 
causing subsequent volcanism than shallow earthquakes, which 
are only effective if their magnitude is of the order of 8: 
(example, Greater Sunda arc; see Section El). 
Each of the above three classes may be subdivided on the basis 
of the time interval before eruption commences. This would 
include 1) earthquakes immediately preceding eruptions; (may be 
confused with triggering effects, but in certain open vent 
volcanoes, such as those of the Hawaiian type and Etna, 
intermediate earthquakes beneath the volcano may initiate 
eruption., which then follows very rapidly); 
earthquakes preceding eruption by several months, typically 
about three, (as in the central New Hebrides); 
earthquakes long before eruption, of the order of five to 
10 years or longer (example, southern Kurile Islands); in 
some cases eruptions which follow earthquakes with this sort of 
pattern are particularly severe (e.g. Katmai, 1912); 
earthquakes that are not followed by eruption but only by 
swarms of earthquakes that gradually die away (abortive 
attempts at eruption). 
2. Events triggering eruption 
a) Large magnitude earthquakes at distances of the order of 
600 Km or less (examples cited above). The evidence 
240. 
presented in Section C3 suggests that the effect of such 
earthquake$ on volcanoes affected is generally 
compressional. 
b) Earthquakes of small magnitude at shallow depth in the 
immediate vicinity of a volcano (for example, the Stromboli 
earthquake of 6 April 1966). These differ from events under 
3 0 below, in that they initiate a period of changed activity; 
those below are part of sequences that commenced earlier. 
3. Events. accompanying eruptions (cau8ed by manatic processes) 
Large magnitude shallow earthquakes accompanying or 
immediately preceding eruption; (for example, Vulcan 1937; 
Sakuraima 1914). 
Swarm earthquakes, volcanic tremor., tremors due to explosions 
in mata bodies and beneath fumaroles (See the four classes 
identified on Gran Cratere, Vuicano; Section D3). Phenomena 
of this kind are characteristic of almost all active 
volcanoes (see Minakami, 1960). 
Large magnitude intermediate focus earthquakes in a 
roots which terminate eruptions, or which characterize the 
period after an eruption begins to wane. Examples are to be 
found in the case of most large eruptions (e.g. Katmai 1912; 
Xsudach 1907: see Section E2). 
Swarms of shallow earthquakes which die away without leading 
to an eruption (for example, the Monteerrat volcanic swarms, 
see MacGregor 1938). It is possible that the recent 
Matsushiro swarm earthquakes represent a case of abortive 
eruption of this kind. Such swarms are perhaps due to 
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intrusion of magmatic material. 
e) Rather comparable to the above but in a class of their own 
are large earthquakes in the roots of a volcano which, being 
followed by no surface eruption or period of swarm tremors, 
may be interpreted perhaps as inhibitors of eruption. A 
good example is the large intermediate earthquake 
(h = 192 1(m) of magnitude M = 7.3 on 17 February 1951 
beneath Yelia volcano in New Guinea,* 
F1.3 CHANGING PATTERNS OF SEISMICITY AND VOLCANISM 
In terms of geological time there is clear evidence of migration 
of volcanic belts. Not only do volcanoes pass through the customary 
stages of youth, maturity and old age as a result of the growing. 
acidity of their magmas, but volcanic belts themselves pass into 
decadence and finally give way to renewed activity elsewhere. This 
process is clearly seen in the Melanesian region of the south-west 
Pacific, where it bears an interesting and suggestive relationship 
to present-day seismicity. In order to examine it in detail, the 
tectonics of the region are described in the light of the seafloor-
spreading hypothesis. 
a) Application of the seafloor-spreading hypothesis to the south-
west Pacific 
The recent synthesis of geophysical evidence from a wide range 
of sources which has been made in the defence of the seafloor-
spreading hypothesis by Isacks, Oliver and Sykes (1968) offers the 
most convincing explanation of the process of orogeny and the 
development of island arcs that has yet been put forward. In 
*Footnote... The very similar volcano, Mt. Lamington, about 400 Km 
away, erupted on 21 January 1951, apparently without any associated 
intermediate focus earthquakes. 
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particular it explains a number of features of south-west Pacific 
tectonics which were difficult to reconcile with such ideas as the 
counter-clockwise rotation of the Pacific basin suggested by 
Benioff (1957) or the dominant vertical movements suggested by 
Be].oussov (1961). Figure 5 shows the main tectonic features in the 
Melariesian border region of the south-west Pacific. All can be 
explained by postulating opposing movement of the Pacific and 
Australian blocks in terms of the seafloor-spreading hypothesis. 
The Fij i-Tona-Keadec arc 
Along the line of the Tonga-Kermadec trench the Pacific ocean 
lithosphere is underthrusting the Australian block at an estimated 
rate of between k and 15 cm/year, (see Pitman, Herron and Heirtzler, 
1968; Vine, 1966). Oliver and Isacks (1967) estimated its thickness 
as of the order of 100 Km j only the upper 10 to 20 Km of which 
constitute the seismic zone. In this region the descending slab of 
lithosphere reaches a depth of nearly 700 Kin, passing at an angle of 
about 45 degrees to a position directly beneath the Lau Islands of 
Fiji. The zone extends to the south-west and terminates in the 
North Island of New Zealand. It appears to be the most active part 
of the Pacific border in the Melanesian sector and, as already 
mentioned, 37% of the energy known to have been released in deep 
earthquakes all over the, world during this century can be 
8.ttributed to this single small area. 
The New Caledonia 1 New Hebride3 ano , SolomonArcs 
Further to the north, the Pacific lithosphere has failed to pass 
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under the Australian block and instead has overthrust the latter 
along the line of the New Hebrides and Solomon arcs. Figure 31 is 
a generalized section from New Caledonia to the epicentral area of 
the deep focus earthquakes north-east of the New Hebrides along the 
line marked in Figure 5. It illustrates a process whereby a 
segment of the laterally migrating Pacific block has become 
incorporated into the foreland of the Australian block. 
New Caledonia is the outcrop of a large body of ultrabasic 
rock of Middle Eocene age (Dr J.H. Guillon, personal communication), 
the lower contact of which is a thrust plane, dipping to the north-
east, which can be seen to overlie the basaltic crust of the 
tustralian block. Within this basaltic crust, along the west coast 
of northern New Caledonia, are earlier ultrabasic thrust bodies of 
Jurassic or Cretaceous age. New Caledonia therefore marks the 
boundary between the Pacific and Australian blocks as it was in the 
Cretaceous, when a compressional arc structure, similar to the 
present arc of the New Hebrides,. extended from the North Island of 
New zealand, via the Norfolk Island ridge, New Caledortia and Rennell 
Island, to the Papuan promontory of New Guinea (Wright, 1966)*. 
The violent uplift and thrust movements of the Pacific block 
over the Australian block that took place in the Middle Eocene 
formed a double arc by uplift of the Loyalty Islands behind the 
-- 	- 
*Footnote:... Dow and Davies (1964) tentatively attributed an 
Oligocene age to the Papuan ultrabasic belt. 
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line of New Caledonia. Submarine volcanism then commenced on a 
grand scale in the areas now occupied by the Bismarck, Solomon and 
New Hebrides Islands, and in Fiji, in a tensional environment 
behind the arcs. Renewed pressure by the Pacific block towards the 
west caused uplift of the urestern part o the area now occupied by 
the Mew Hebrides, and subaerial volcanism, believed to be Lower 
Miocene in age (Dr D.I.J. Mallick, personal corniiunioation) took 
place on the SantoE.14alekula ridge. A similar process occurred. 
elsewhere behind the arcs: volcanic rocks of Lower Miocene age 
have also been identified in the Solomons (on Santa Ysabel, Guadal-
canal and the Florida Islands; see Grover et al., 1965: Coleman, 
1966). 
Somewhat earlier, probably in the Upper Oligocene, 
ultrabasic rocks were intruded as flat-lying thrust masses, marking 
the locus of a new plane of weakness well behind the Middle Eocene 
are of New Caledonia. These rocks are exposed in the Solomons, 
especially in Santa Ysabel and Choiseul (Thompson, 1960: Grover et 
al., 1965) 0 and may be contemporaneous with ultrabasics known from 
southern Pentecost (Mafliok, 1969: Dr J.H. Guillon, personal 
communication). This overthrusting was unable to accommodate the 
movement of the Pacific block adequately and the overthrust planes 
which mark the present arc structures began to form at the same time. 
The severest uplifts and mountain building movements of the Tertiary 
occurred throughout the area in the Upper Miocene and Pliocene, and 
by this time the underthrustng of the Pacific block by the Australian 
block along the present lines was well established. The Middle 
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Eocene structure of the New Ca].edonia are decayed and its 'root' of 
lithosphere probably became absorbed and re-circulated in the 
mantle (see Figure 31). Thus New Caledonia, which was originally 
part of the Pacific block, has been incorporated into the Australian 
block by failure and overthrusting along a new plane behind the arc. 
The tame process, it is suggested, has been responsible for the 
observed north and north-easterly migration of the compressional 
border of the Pacific throughout this region. As secondary features 
of the formation of arc structures, volcanism and Beismicity 
naturally migrated with the arcs. 
d) The Bismarck Is1andsand the Planet Deep 
The northerly migration of the Pacific border from the line of 
the Papuan-Rennell Island uplift was complicated in the area of the 
Bismarck Islands by the New Britain arc. i&dded to the dominantly 
south-westerly movement of the Pacific block in the Solomons sector 
was a south-easterly movement due to the sharp change in the 
direction of the Pacific border from west-north-west in the Melanesian 
region to almost north-south in the Moluccas and Philippine Islands. 
Failure of the Pacific bloc}, in the manner described above, also 
took place inside the compressional border of the 1olucca--Phi1ippine 
arc along the line of the Mariana-Bonin Islands, which nou marks the 
true border of the Pacific. Thi; failure, which probably took place 
in the Oligocene or Mccene, caused movement, at its southern 
termination, of the Bismarck Sea area. 
The region of maximum compression near New Britain is the area 
enclosed by the Planet Deep. The south-easterly movement of New 
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Britain and the south-westerly movement of Bougainville conflict 
sharply in this small area causing the steep underthrusting by the 
Australian block (the Solomon Sea) of these two opposing land masses. 
On the south side, north of theTrobriand Islands, a lesser trench 
marks overthrusting of the area by the Papuari block. Here can be 
seen the extremely interesting phenomenon of an arc structure 
forming at the present time. It is marked by a deep earthquake zone 
parallel to the Planet Deep and some 200 Km away from it on its 
convex side, running from the south-west coast of Bougainville 
towards the Carteret Islands to the north-east; beyond this point 
it curves north-west and cuts across New Ireland, terminating in the 
Bismarek Sea west of the Gazelle Peninsula of New Britain, * 
The Planet Deep is seismically the most active structure between 
New Guinea and the Tonga arc. It is over 8000 in. deep, and is 
clearly a feature which is forming actively at the present time. The 
deep earthquake zone parallel to it is similarly a new feature.. In 
no other region of the Circum-Pacific, except the 'Fossa Magna' of 
Japan, do present movements cut so clearly across Tertiary structures. 
It is tempting to suggest from this instance that tectonic activity 
starts deep in the mantle and workc upwards, so that the mantle is 
deformed into new patterns long before the crust follows suit. 
A feature of particular interest in the area is the Rabaul 
aldera with its persistent volcanism over at least the last million 
years. This lies in the typical position of an active volcanic area 
midway between, not only the shallow and deep focus earthquakes 
*Footnote: 	see Figure 5 
2 148. 
parallel to the.New Britain are to which it belongs, but also between 
the 	deep earthquake zone cutting New Ireland and the shallow 
seismicity of the apex of the Planet t3eep (see Figure 5). 
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F2 THE INTERDEPENDENCE OF SEISMICITY AND 
VOLCMIS1 ON A GLOBAL SCALE 
Surnmary 
The observed clustering of large earthquakes and eruptions 
shows that individual episodes include events over a wide geographic 
range s suggesting that their immediate cause lies in variation of a 
first order parameter on a global scale. Regions as large as, for 
example, all of the Americas appear to respond together in this way. 
The nature of the underlying cause is unknown. 
The evolution of seismicity and volcanism is followed away 
from the compressional arcuate belts to those marginal block faulted 
areas in which volcanoes are in a late stage of development and 
earthquakes no longer occur in the mantle. Some suggestions 
regarding the stress conditions at volcanoes are made in the light 
of information available regarding the tectonic conditions under 
which magma bodies originate and the nature of the changes which 
affect the magma as it rises into the crust. 
1 INTRODUCTEON 
Outside the restricted environment of island arcs, in marginal 
block-faulted areas, and over large areas of the globe, there is 
evidence that soismicity and volcanism are interconnected in response 
to major episodes of stress release. The influence of tectonic 
environment, local conditions and sequences of other events all play 
a part in determining the manner in which seismic and volcanic energy 
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release takes place. 
An ordered sequence of development can be observed in volcanism 
and inferred in seismicity by comparing both sets of phenomena with 
tectonic environmant s particularly with regard to the age of the 
structures. Within the ordered pocese of development various forms 
of association, causation and triggering can operate. 
F2.2 THE EVIDENCE FOR LARGE SCALE. INTERDEPENDENCE 
The clustering effect of large earthquakes and volcanic 
eruptions has been discussed in Sections BL,  B5 and B.  Figure 4 
clearly demonstrates that energy release in both earthquakes and 
eruptions tends to occur in bursts which are separated by comparatively 
quiet porods. If the geographical distribution of events in a 
particular cluster are examined it is generally found that they 
predominate in a single large part of the globe but that a 
significant increase in activity in other parts occurs, as it were, 
in sympathy. 
Figure 32 9 showing the fine structure of the 1950-51 burst of 
energy release (19.3 to 19.7 days x 1000 after the origin in 
Figure P) serves to emphasize this. The period may be considered 
as beginning either with the Mauna Loa oruptiort of 1 Juno 1950 or 
with the Assam earthquake of 15 August 1950 9 and as ending with the 
Mt. Lamirtgton eruption of 21 January 195](to some extent increased 
activity persisted up to the Kamchatka earthquake of 4 November 1952). 
Major earthquakes in Indonesia, the New Hebrides, Fiji and Central 
and South Merica, together with significant eruptions of Etna and 
Ambrym volcanoes, occurred during this period. While it is not 
Footnote:- see Section F12 9 subsection 3(e). 
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suggested that these events were causally related to each other 
(except the triggering.earthquake in the New Hebrides already 
discussed, and the eruption of Ambrym four days later), it does 
seem likely that all were manifestations of some single far-reaching 
source of instability. 
The Ambrym eruption of 1950 has been attributed to the 
occurrence of a deep earthquake in the New Hebrides in July 1949 
(Blot, 1960 0 but no such explanation is possible in the case of 
the Mt. Lamington eruption. Taylor (1958,a) attributed the latter 
eruption to triggering by unusual stresses of a 'closed system of 
volcanic forces which had reached a critical stage of equilibrium', 
and the Ambrym eruption, in which 'the volcanic system was open to 
the dynamics of regional stress conditions', more directly to 
the abnormal stresses prevailing at the time. There seems little 
doubt that these abnormal conditions existed in late 1950 and early 
1951 over the whole Indo-Australasian region and that they had 
repercussions throughout the Circu,n-Pacif Ic and Alpine-Himalayan 
belts. 
Although this particular episode of stress release occurred 
principally in Indonesia and the south-west Pacific, activity was 
significantly greater than usual in Central and South America also. 
On a lesser level of energy release there is again some suggestion of 
simultaneous, or almost simultaneous release of stress in the south- 
west PacifIc and in South America. Deep earthquakes in both the Fiji-
Tonga arc and in Brazil occurred on 26 November 1945 and also on 
21 December 1949 (and see 18 July 1949 Y. Unfortunately, however, 
'Footnote:- For this day, four deep and intermediate earthquakes are 
reported by the I.S.S., in the Philippine Islands, New Hebrides, Japan 
and the Hindu Kush. 
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these results could have occurred by chance, arid it has not been 
possible to carry out a satis factory statistical examination down to 
sufficiently low magnitude levels to determine whether this was more 
likely to have been a random or a genuine association. 
The evidence of the larger events is, however, strongly in 
favour of large scale response of both seismicity and volcanism to 
episodes of the order of six months to a year in length. Large 
amounts of energy release do not appear to be independent of one 
another over large areas, although it has been shown that only rarely 
can significance be attached to the intervals between individual 
great earthquakes (see Section El). Thus the year 1906. in South 
America and Alaska, the years 1898-1899 in Alaska and Central America, 
1924-1927 and 1943-.1951 in Central and South America, and 1916.1917 
all over the continent suggests a degree of interdependence between 
all parts of the Americas. This suggestion does not have the force 
of established fact since no thorough analysis of regional variations 
has yet been made. Observed variations in total seismicity are 
presented in Appendix 1. 
Volcanic eruptions in the Americas also show strong evidence of 
clustering. In 1902, for example., not only were there the great 
eruptions in the Caribbean and in Guatemala (Mt. Pe1e,. Soufrire St. 
Vincent and Santa Maria), but seven other notable eruptions took place 
in Alaska and in Central America and the Caribbean considerably more 
than occurred in any other year. However, although the volcanic 
eruptions demonstrate a degree of correlations among themselves in this 
case, there does not appear to have been any strong degree of 
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correlation with seismicity. Little seismic activity appeared to 
be associated with the great eruption of Quizapu in 1932, and, 
although the Katmai eruption in 1912 was followed by several 
large intermediate focus earthquakes, the most remarkable feature 
there was the very large magnitude intermediate earthquake that 
occurred in the area nine years before the eruption. 
The complex nature of cause and effect between earthquakes 
and eruptions is well seen in the events of 1902. A powerful 
earthquake of magnitude 81/  preceded the eruption of Santa Maria 
at a relatively short epicentral distance by six months, Less than 
a month, however, after this earthquake came the volcanic climax in 
the Caribbean in which three volcanoes erupted.* The correct 
conclusion from this series would seem to be that all events, 
including what was undoubtedly the major precursor earthquake of the 
Santa Maria eruption, belonged to a single period of seisino-volcanic 
instability. The delay of six months before eruption at Santa Maria 
was probably the result of local factors such as the presence of a 
plug of acid lava from the previous eruption. 
Footnpte:- Rather comparable periods of volcanic crisis have 
affected other regions. Note for example, in the Mediterranean, that 
very high magnitude eruptions of Vesuvius and Santorin are often 
closely associated in time. Thus the paroxysm of Vesuvius on 
28 November 1649 was followed on 26 September 1650 by a very large 
eruption at Santorin. Similarly, the eruption of Santorin on 
23 May 1707 was succeeded on 28 July 1707 by a major paroxysm of 
Vesuvius. 
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It appears probable that areas of widely different size 
become affected by periods of tectonic instability and that these 
cause increases in the rates of seismic and volcanic energy release. 
Thus areas of the order of a hemisphere in size appear to take part 
in first order episodes of stress release. Similar].y,smaller regions, 
for example the Aleutian Islands and Alaska, seem to undergo periods 
of instability: it was in such aone that the Katmai eruption of 
1912 and its associated earthquakes took place. On a still smaller 
scale, instability can affect progressively smaller and smaller 
regions. 
The larger earthquakes are perhaps the result of the larger 
strains over the larger areas, part of first order processes that 
commonly affect regions such as all or most of the Americas, or 
Indonesia and the whole of the south-west Pacific. Smaller 
earthquakes (of the order of magnitude 7-7) and major eruptions may 
be associated with lesser episodes of stress release, second or third 
order depending on their relative dimensions. The level defined as 
large or small would vary depending on the degree of activity of the 
region involved. For example, in a region like the Red Sea an earth-
quake of magnitude 6-7 would be 'large'. This concept requires 
critical analysis: the data required are to be found in Appendix 1. 
F2 .3 SEISMICITY AND VOLCANISM IN MATURITY AND OLD AGE 
Away from the youthful, ever-growing island arc environments 
where volcanism is in an early stage and earthquakes are frequent g . 
are older regions in which volcanism is dying or already extinct 
and the pulse of seismicity is slow. No longer is overthrusting and 
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crustal shortening the dominant tectonic mode, but block faulting 
and vertical movements on a grand scale. 
In these belts marginal to the island arc-type environments, 
earthquakes are comparatively infrequent; those of exceptionally 
high magnitude, however, are relatively much more frequent than in 
island arcs. It has already been mentioned (see Sections 81 and B3) 
that the fourth greatest release of energy in shallow earthquakes in 
any of the tectonic regions established in Section B (see Table 1) 
has taken place in China and Mongolia, areas that are far removed 
from the main locus of Alpine-Himalayan orogeny. 
The transfer of major seismic energy release from the mantle to 
the crust has been suggested (in Section Bl) as a sign of tectonic 
decadence. With declining mantle activity volcanism also declines. 
Late stage volcanoes, as for example the acid cones in Manchuria, 
lack the characteristic intermediate focus seismicity typical of 
younger areas. In all probability their magma chambers are intra-
crustal. So it is with large maginatic intrusions which have risen 
to high levels in the crust; these, maintaining their source of 
heat for long periods, are characteristic of the later stages of 
orogeny. Such intrusions, as for example the supposed batholith 
of the Yellowstone National Park (Daly, 1933) 0 originating at depth, 
rising into the crust, and intntaining their heat perhaps for 
several million years, have no associated mantle seismicity. They 
have, as it were, lost their roots in becoming firmly emplaced in 
the upper layers of the crust. 
By way of comparison with the tectonic behaviour of the 
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Melanesian arc structures of the south-west Pacific described in 
Section Fl, it is worth examining in more detail the conditions 
that obtain in the block faulted areas marginal to these present 
arc structures. Most such areas themselves represent ancient 
island arcs, now coalesced with their onetime forelands and 
uplifted. In them seismicity and volcanism bear the marks of 
decadence and old age. 
Thus the Papuan arc structure of Cretaceous-Lower Tertiary age 
is marked by declining volcanism* (volcanoes are in the dacitic 
dome-building stage) and infrequent seismicity. Movement is taking 
place along large strike-slip faults (Smith and Green, 1961: Dow 
and Davies, 1964: Latter, 1964) by a process of.'creep' without 
earthquakes. To the west the Papuan arc passes into the Highland 
area of New Guinea which is characterized by basement rocks at 
least as old as the Triassic (Dow and Dekker,. 1964), massive block 
faulting, and volcanism in a still later stage than that just 
mentioned; somewhat infrequent earthquakes occur., although many 
of them are of great magnitude. Denham (1969) has pointed out that 
the seismic zone dips to the south beneath the Highlands of New 
Guinea, showing that it still bears characteristics of the 
coinpressional arc structure to which it once belonged. The largest 
*Footnote,_ Note, however, the formation of a new volcano in non-
volcanic terrain at Waiowa in 1943. This took place on one of the 
most prcminent of the strike-slip faults in the area. 
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magnitude earthquakes recorded from the New Guinea area belong to 
this zone, a fact that illustrates well the global tendency for 
the greatest seismic energy release to occur in block-faulted 
areas marginal to major belts, or in areas in which activity is 
slowly declining. 
Dominant overthrusting, as in the compressional arcuate belts, 
has given way, in the block faulted terrain of New Guinea, to large 
scale uplift and subsidence. On the north side of the Finisterre 
Mountains (Huori Peninsula, New Guinea) step uplifts are found which 
can be traced from events associated with large earthquakes at 
the present time, by degrees upwards to the summit of the range, 
where Miocene rocks outcrop at a height of over 4,000 m. W.G. Best, 
personal communication; and observation by myself). Similar uplift, 
continuous for a long period in geologiôal time, can be seen on the 
promontories along the south coast of Honshu, Japan (Imamura, 1928). 
By contrast, in the faulted zones of subsidence in New Guinea, 
such as the Ramu, Markham and Sepik valleys, enormous thicknesses 
of sediments are accumulating. The Sepik valley in particular is 
subsiding at a rapid rate and it is marked by a peculiar seismic 
regime. Intermediate focus earthquakes at depths of 100 to 150 Km 
occur in a zone which closely follows the valley. This is almost 
certainly a region in which cructal material has been downwarped into 
the mantle. Here extensive load-metamorphism is probably taking 
place at depth. 
In spite of the general state. of tectonic decadence shown by 
the decrease in intermediate focus seismicity compared with that of the 
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Tertiary compreos±onal arcs in the area, a number of small areas 
exist in New Guinea which are marked by frequent intermediate focus 
- earthquakes in very limited focal regions. The most active of these 
underlies Long Island, a volcanic caldera which is now in a late 
stage of activity. Persistent earthquakes occur beneath it at a 
depth of 120 to 300 Km. A very closely analogous case, although in 
a non-volcanic area, is that of the Hindu Kush intermediate focus 
earthquakes, which occur in a very small but very active focal area 
at a depth of 200 to 250 Km. 
F2 	STRESS CONDITIONS AND THE DIVERSITY OF VOLCANISM 
Not only in the south-west Pacific, but all over the world, a 
clear picture emerges of a continuous process of development of 
seismicity and volcanIsm. In this process volcanism generally 
persists far longer than seismicity, especially mantle seismicity, 
in those areas in which both orogenic processes and surface volcanic 
activity have occurred. Many regions of high seisrnicity have, of 
course, only the barest connection with Recent volcanism. It is of 
importance to establish, if possible, absolute ages for volcanic areas. 
By bearing in mind the probable sequence of events through youth, 
maturity and old age of a volcano, an estimate may be made of the 
likely future development of a particular volcanic area. 
Much remains to be discovered about the stress conditions that 
govern the development and maintenance of volcanism. It is probable 
that at different stages in its development, a volcano will pass 
through a series of widely different regimes of stress. The nature 
of these may be established to some extent by a study of earthquakes 
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associated with the volcanism, and still more so by an examination 
of the products of its eruptions. The observed diversity of 
volcanic eruptions is mainly due to two factors: the depth at 
which magma is produced, and the degree of contamination and 
differentiation which it undergoes during its ascent to the surface.. 
These factors are examined below in relation to compressional and 
tensional structures, in an attempt to give physical reality to the 
observed relationships. 
In compressional are structures the observed correlation in 
space between volcanoes behind the are and intermediate focus 
earthquakes directly beneath them (Gutenberg and Richter, 1945) 
leads to the conclusion that the stress drop accompanying such 
earthquakes is the primary cause of magma generation in this 
environment (Uffen and Jessop, 1963). It has already been pointed 
out that intermediate and deep focus earthquakes only occur in 
regions where shallow material has been drawn down to. considerable 
depths. Andesitic magma also only occurs under these tectonic 
conditions, 
Ringwood (1969), on experimental evidence, believes that as 
oceanic crust is carried down to depths of the order of 50 Km it 
transforms in the presence of water from basalt to aniphibolite 
and later, as water is driven off, to eclogite (see Figure 31), 
The partial melting of eclogite at depths between 50 and 300 Km 
produces andesitic calc-alkaline magmas, which are the typical 
magmas of compressional arc structures (see Green and Ringwood, 
1966). Shimozuru (1963), Zen (1963), 1ittuann (1963) and many other 
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volcanologists have concluded that most volcanoes in continental 
or marginal environments have primary magma chambers at depths of 
between 60 and 100 Km. The 'volcano-search' programme (see Sections 
A3 and E2) demonstrates that the overwhelming majority of active 
volcanoes have intermediate focus earthquakes at depths of this 
order within epicentral distances of 100 Km. 
Rift environments are characterized by high heat flow (Horai 
and Uyeda, 1969) and volcanic activity. They are also characterized 
by massive injection of sub-crustal material into the Earth's crust. 
Volcanism is typically basaltic and intermediate focus earthquakes 
are few or are altogether lacking. Green and Ringwood (1969) have 
inferred that the typical magma of mid-oceanic rift environments, 
high-alumina olivine tholeiite, is produced by partial melting at 
depths of 15 to 35 Km. This is comparable to the depths at which 
earthquakes in these areas occur. O'Hara (1965), on the basis of 
experimental work, estimated that most basalt magmas show evidence 
of having been formed by partial melting at low pressures. Hawaiian 
lavas, erupted under dominantly tensional conditions in an environment 
similar to a rift zone, show evidence of having originated at depths of 
35 to 70 Km (MacDonald and Katsura, 1964: Murata and Richter, 1966). 
Earthquakes at these depths occasionally occur beneath the volcanoes. 
The degree of alteration suffered by a magma between its 
formation in the upper mantle and its eruption depends on the extent 
to which it assimilates rock during its ascent and on the time 
interval before its eruption, which, with the ambient temperature 
and pressure conditions, determines the amount of differentiation 
that takes place. Thus acid magmas are found in Iceland which have 
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formed by fractional crystallization of basic tholeiitie magmas in 
the manner first suggested by Bowen(1928); they occur in areas 
entirely devoid of any other acid sedimentary or volcanic rocks 
(Tryggvason, 1965). Elsewhere acid niaginas are less readily 
identifiable as the products of fractional crystallization, and many 
probably result from the assimilation and melting of pre-existing 
rocks. In compressional arc structures rising andesitic magma may 
differentiate into magmas of the dacite-latite suite, which are common 
end products of volcanoes in such regions. They may also assimilate 
varying quantities of acid and alkaline rocks, producing, for 
example, leucitic ].avas in the manner suggested by Rittmann(1964). 
The rate of ascent of magma, which can be estimated by a study 
of its petrography and composition, is a function of the state of 
stress in the mantle and crust through which it moves. Tensional 
conditions assist the magma to rise along planes of weakness. 
Buoyancy due to varying amounts of gas in the magma and the relative 
density of the magma compared with that of surrounding rocks must 
also greatly affect the rate of ascent. It is not surprising 
therefore that in compressional arc structures containing much low 
density material a much greater degree of diversity is found in 
magmas erupted at the surface than in tensional environments in 
which the density of crustal rocks is also high. In the former the 
intervals between magma formation and its eruption are likely to be 
longer and the degree of contamination by crustal rocks much greater 
than is the case in the simpler environment of rift structures. 
A study of the pre-eruption pattern of seismicity beneath a 
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volcano with particular emphasis on focal mechanism determinations 
should, coupled with analysis of the erupted material, afford some 
idea of the manner in which magma has formed and ascended to the 
surface. The possibility of carrying out such work in a region 
like the New Hebrides is currently being discussed.* 
F2.5 GLOBAL RELATIONSHIPS: CONCLUSIONS 
The fundamental cause of the clustering of large release of 
seismic and volcanic energy (as ob5erved in Figures 4 and 32) is 
unknown. Various hypotheses have been put forward but all at present 
lack convincing evidence. Changes in rotation period of the Earth, 
oscillations in the position of the rotational or geomagnetic poles, 
and variations in the rates of movement of seafloor spreading all 
appear to be possible, but at this stage entirely hypothetical, 
mechanisms. 
In Section B3 the degree of correlation between seismicity and 
volcanism in individual tectonic regions was examined and the idea 
of seismic or volcanic preponderance was put forward (see Figure.3). 
In the search for a common process to explain the observed relation-
ships, the facts presented, there are of considerable importance. 
Thus it was shown thatthe Atlantic ocean had a very high index of 
volcanic preponderance, the Pacific ocean a much lesser one. By 
contrast the rates of seafloor spreading inferred by a study of 
magnetic anomaly patterns suggest that drift rates in the Pacific 
*Footnote:... Dr H. Tazieff, Dr K.G.Cox, 'Dr B.G.J. Upton, 
Dr D.I,J. Mallick and the Authorare involved in this. 
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are of the order of twice those in the Atlantic (see Pitman, 
Herron and Heirtzler, 1968: Vine, 1966). 
In order to establish the degree of overall correlation between 
seisrnicity and volcanism, the data presented in Section B3 were 
examined by using a ranking method mentioned by Moroney 
(1956, p.336). Tectonic regions, as defined in Section Bi, were 
placed in order of total seismicity and given a rank number from 
1-32. The same regions were also ranked in terms of their 
percentage of a) the total number of volcanic centres in the world, 
and of b) the total number of active volcanic centres. 'Spearman's 
Rank Correlation Coefficient' (see Moroney, reference cited above) 
was then calculated for seismic energy releaseversus a) total number 
of volcanic centres, and b) total number of active centres.* 
Results indicate that there is a more significant correlation for 
the latter than for the former. Thus,at least when total seismic 
energy release is compared with the number of active volcanic centres 
in a region, the observed proportions are definitely not such as 
one would expect to have arisen by chance. 
Footnote:- Spearrnafls Rank Correlation Coefficient for case a) was 
0.3872, and for case b) 0.I4743. Application of the 'Student's t' test 
(Moroney, 1956) indicated that the former was significant at about the 
3% level, i.e., probably significant (value exceeded by chance only 
once in 50 trials or so). The latter proved definitely significant, 
at about the 0 • 8% level, for which a comparable result would be 
given by chance only once in about 200 trials • Both correlations 
are positive. 
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A picture hs thus been outlined in which both seismicity and 
volcanism respond together to a common process, which one can only 
at the present stage term loosely 'tectonic instability'. Geographical 
regions of the order of a hemisphere in size become affected by 
'instability' for periods of the order of a year in length. Within 
these first order episodes, at smaller and smaller magnitude levels, 
similar processes occur. The development of an eruption sequence at 
a particular volcano depends heavily upon local conditions (as for 
example the plug of acid lava in the vent of Santa Maria). It is 
however initiated, in a significant number of cases, by a precursor,  
earthquake. ThiS, it is thought, generally causes a reduction in 
pressure in the roots of a volcano, thus allowing partial melting 
of rock to occur and magma to form. During the process of ascent, 
when ultimate eruption is assured, or at least extremely likely, 
the random occurrence of large magnitude earthquakes at distances 
of the order of 500 Km or less may trigger eruption earlier than it 
would otherwise have occurred. There is evidence that triggering 
is probably achieved by markedly increasing compressional conditions 
at the volcano. In extremely rare cases (two during the present 
century; see Section El) large magnitude earth4uakes may also 
trigger other large magnitude earthquakes at very considerable 
distances. 
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G. 	SUGGESTIONS FOR FUTURE RESEARCH 
much remains to be done in this curious field." 
Hugh Miller, p.  339 0 
'The Fossiliferous Deposits of Scotland', 1854: 
(Everyman's Library, No. 103, 
J.M. Dent & Sons Ltd., 1906) 
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Gi AMPLIFICATION AND REFINEMENT OF DATA FILE 
Gl.l SEISMIC DATA 
Omissions 
There are major omissions in the punched card data file, 
notably the presence of only a small proportion of hypocentral 
data from the B.C.I.S., the lack of origin-times for the bulk 
of I.S.S. determinations, and in general the lack of detailed 
recomputations as a result of special studies of selected areas. 
For the eastern Meaiterranean, Middle East, Iran and parts of 
Afghanistan and Pakistan, much more information is available as 
a result of unpublished work by Ambraseya (N.N. Asnbraseys, 
personal communication). For New Zealand, a much more complete 
list of earthquakes is given by Eiby (1968, a,b), The same is 
true for many other regions. 
Errors 
As Ambraseys and others have pointed out, there are great 
risks attached to mere cataloguing of earthquakes. Mistakes once 
made thereby become enshrined as facts. Ideally every hypocentre 
in the file should be checked against the publication in which it 
first appeared, and doubtful cases should be recomputed. 
Multiple determnatons of the same .eyent 
At present the policy has been to catalogue all determinations 
of a single event. This is tatistica11y not a very useful method. 
Different locations of a single event may fall into different 
regions as defined by Fiinn and Engdahl (1965) 0 and this greatly 
complicates analysis of the results. All punched card data have 
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now been written to magnetic tape and with this facility it has 
become a simple matter to select the hypocentres considered most 
reliable and to write a shortened tape of 'best locationc'. 
ci) Magnitude determjnatiofls 
For the greater part of this century the only magnitude 
figures available are those by Gutenberg and Richter (195) and 
Duda (1965). I.S.S. hypocentres, in particular, need to be 
classified according to the 'size' of the earthquakes. An 
approximate way of achieving this would be to include on the 
cards the number of stations recording each earthquake. what is 
really required, however, is a concerted attempt by ceismologists 
to determine magnitudes for their own station records as far back 
as possible. This has been done by Duda (1965) for the Uppsala 
records, with marked success. 
Macroseismic data 
From a practical point of view the most important thing 
about an earthquake is the degree of damage it causes. A vast 
amount of macroseismic information is available in the literature 
about particular earthquakes, and much has been collected by the 
B.C.I.S., and in later years by the U.S.C.. and G.S, in a routine 
manner. Except in rare instances none of this has been included 
on the cards. 
Pre-1897 data 
The earliest earthquakes in the file, for 1897, are due to 
Gutenberg (1956) and Duda (1965). Much information is already 
available for selected areas; for example in Europe lists of 
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earthquakes have been published by Karnik (1969) which go back 
to 1901. In addition an enormous volume of purely macroseismic 
data, lacking any estimate of epicentre, is to be found in the 
works of MiThe (1911), Mallet and Mallet (1858), Montandon (1953), 
and especially of Perrey and Montessus de Ballore (see 1a1let and 
Mallet, 1858, pp. 122124 for a list of Perrey's memoirs; the 
unpublished catalogue of Montessus de Ballore is stored in the 
Geographical Society Library in Paris, where It occupies 26 metres 
of bookshelves). 
The extremely short sample given by the past 70 or so years 
is totally inadequate both for an understanding of seismicity in 
particular areas and for a study of the fluctuations of global 
seismicity as a whole. Undoubtedly much of the early material 
would at best yield extremely doubtful epicentral regions; these 
might well be as vague as 'Middle East or Turkey', or 'South 
Pacific'; yet it is felt that it would be extremely valuable to 
mike the data as readily available as possible. At present, to 
search catalogues arranged in time sequence for earthquakes in a 
particular locality would be an extremely laborious operation. 
'Footnote:- Unpublished information on punched cards has kindly 




Ideally much or all of the data available for the better 
recorded earthquakes during this century should be recomputed 
by means of a programme such as Joint Epicentre Determination 
(Douglas, 1967)., with the addition of appropriate source, path 
and station corrections as these become available,* This would 
obviously be a mammoth undertaking.. The way to it, hqwever, 
would be clear if phase data could be written to magnetic tape 
for the bulk of this century. Very early earthquakes, before 
1918 or so., are not readily improved by recomputation, since 
timing was then generally of a low standard, With the 
availability of large storage computers with good back-up 
facilities for magnetic tape, there is now no reason why phase 
data should not be gradually accumulated in timesequence, 
associated with the appropriate epicentres, and recomputed. 
(31.2 VOLCANIC DATA 
Volcanic data has already been punched up for all volcanoes 
for the entire period for which informition is available in the 
Catalogue of Active Volcanoes of the World (see Section Ae for 
references). Many volcanoes are, however, not listed in the 
*FoQtflote:_ In the course of the present work a number of 
recomputations of south-west Pacific earthquakes (in addition to those 
recorded by the Aaolian Islands network) have been made using the 
programme devised by Flinn (1965). The Joint Epicentre Determination 
programme has, however, not been used. 
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Catalogue, notably those in Iceland, Alaska and the Aleutian 
Islands, and New Zealand; data for these have been obtained from 
a variety of sources and are probably incomplete. Furthermore a 
great deal of improvement, verification and amendment is required 
to data already punched up. 
The principal omission, however, is the general lack of 
computed figures for energy of eruption. In most cases these 
would be extremely hard to determine since the volumes of ejecta 
and lava flows are rarely knøwn. In many cases, however, such 
information is available in the literature, and from it eruption 
magnitudes could be calculated after the manner proposed by Hedervar'i 
(1963 6 a): see Section E24 
In this connection it would be usefu1f a method could be 
devised to link such parameters as maximum range over which 
explosions were audible, and height of the ashcloud, in an approximate 
way to eruption magnitude, since such data are very often reported. 
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G2 STATISTICS ANpTHE PROG RESSION,or_]PART14QUAKES  
G2,1 FURTHER STATISTICAL WORK ON THE INERENDCE OF SEISMICITY 
AND VOLCANISM 
The statistical approach to the problem of associations between 
events, which has formed the basis of the work described in 
Sections C and E, has been extremely crude. In view of the observed 
complexity of events and in the expectation of further undetected 
complexities, the best statistical techniques available should be 
employed in order to confirm those associations which have appeared 
significant in the course of the present work, for example the 
correlation between magnitude 8 earthquakes and subsequent volcanism. 
In particular, the data presented in Appendix 1, illustrating 
variations in annual seismicity for the tectonic regions defined, 
awaits thorough study by a form of multiple time sequence analysis, 
and time sequence analysis with lags. The first steps towards a 
methodical and versatile analysis have been taken by Vere-Jones in 
a series of papers (Vere-Jones, 1966 9  1968s 1969; Vere-Jones and 
Divies, 1966; Vere-Jonee, Turnovaky and Eiby, 1964). Aid. (1956) 
and Lomnitz (1964 9 1967) have also made important contributions in 
this field, and Wickman (1966) has applied statistical techniques to 
an analysis of the periods between volcanic eruptions. 
For consideration of intervals between volcanic eruptions 
a more complete analysis is required that would take account of the 
natural eruption interval of the type of volcano under consideration, 
the degree to which it is affected by seismicity, its relationship 
to developing tectonic structures, and the degree to which it appears 
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to respond to tidal loading, together with a large number of lesser 
factors of local importance at particular volcanoes. This is a 
problem of very great complexity. 
G2.2 THE SEARCH FOR PROGRESSION IN EARTHQUAKES 
A widespread feeling is to be found among seismologists and 
others that a pattern exists in the manner in which earthquakes in 
a particular area follow those in other areas. The extent to which 
this apparent relationship is illusory or real has never been 
properly determined. Data is available for a study along these lines, 
but because of the nature of the lags and the large number of 
possible associations, any analysis would be extremely complicated 
and cumbersome, and it is doubtful at the present time whether 
statistical techniques are capable of handling it (D. Vex'e-Jones, 
personal communication). 
P.A. Mohr (personal communication) is attempting to perfect a 
method of studying 'migration rates' between earthquakes in particular 
regions. Distance and time interval from a previous event and 
magnitude difference are used as variables6 Some interesting 
results have already emerged from this work. In the March-April 1969 
sequence of earthquakes in the Red Sea - Middle East area, Mohr found 
'migration rates' of 17-18 Km/hour between events, and other results 
have also appeared promising. A useful variable to include in any 
study of progression or 'migration' of earthquakes would be the time 
at which the maximum tide raising force passed over a particular 
epicentral area. Dubourdieu (1969) is engaged in a study of 
progression of earthquakes in the Pacific and has obtained some 
interesting first results. 
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The data collected and presented in Appendix 1 is inherently 
suitable for a study of this kind. An autocorrelation process could 
be applied to the data in order to determine the best fit for 
migration rates of seismicity from one region to another. Certain 
suggestions, quite untested, can be made on the basis of autocorrelation 
by eye of the data in Appendix 1. For example, a tendency appears to 
exist for abnormal energy release to migrate from the area of south-
east Asia and the south-west Pacific to the Mediterranean after a lag 
of about six years.* One should, however, beware of expecting to 
find any constant or simple relationships. Much depends on the model 
of earthquake occurrence that is adopted. For example it might be 
envisaged that earthquakes would occur when regular secular movement 
of an area became blocked and temporarily ceased, and that at other 
times movement would be taken up to a great extent by processes of 
'creep'. The difficulty, however, in controlling variables such as 
the unknown effects of earthquakes in other regions seems almost 
insurmountable. 
*Footnote:... A study has been made of the pattern of seismicity 
following earthquakes of magnitude H b 8.4 in the south-west Pacific. 
Although this hints at the possibility of sequences of earthquakos 
of declining magnitude in neighbouring areas, the analysis has been 
insufficient for any conclusions to be drawn. Similarly a study has 
been attempted, with little success, of the pattern of major earth-
quakes in Japan. 
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G3 IDENTiFICATION OF FUTURE EARTHQUAKES AS VOLCANIC PRECURSORS 
G3.1 THE NATURE AND CONSTANCY OF P1ECURSOR SEISMIC ACTIVITY BEFORE 
ERUPTIONS 1 AND FOCAL MECHANISM DETERMINATION OF SIGNIFICANT. 
EVENTS 
It has already been shown, in Section E2 9 that a higher 
proportion of large intermediate focus earthquakes have an apparent 
effect on volcanic activity in their immediate vicinity than the 
proportion of eruptions which can be linked to earthquakes. However, 
the majority of large eruptions undoubtedly have precursor 
earthquakes, although the magnitude of these may be comparatively 
small. 	 - 
Thus the great eruption of Quizapu in Chile in 1932 was 
preceded by an intermediate focus earthquake and followed by two 
others immediately below the volcano, but all were of magnitude 
M = about 51 only. On the basis of frequency of occurrence of 
earthquakes of this magnitude level, even at intermediate depth in 
the immediate vicinity of the volcano, there is no question of any 
statistical significance in this relationship, which could quite 
easily have arisen by chance. Before very large eruptions it is 
common for large magnitude earthquakes to occur at unusual locations 
in the general region of the volcano • For example, before the great 
eruption of I4tavanu in Samoa in August 1905 s an earthquake of 
magnitude N = 7.6 was reported to have occurred (in June of the same 
year) in the Phoenix Islands, to the northo a most unusual location. 
In view of the early date of this earthquake, it appears probable that 
it may have been mialocated. Search of British and German colonial 
records for the period failed to discover any mention of this 
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earthquake having been felt in either area. 
A further discriminant is required and, as already pointed 
out, there is every reason to expect that this will be foun4 in 
the field of focal mechanism. On the basis of frequency, hypocentral 
position and magnitude alone there is no assured method of determining 
whether a particular earthquake will have a volcanic response or not. 
For example, a magnitude M = 8,6 earthquake occurred on 21 December 
1939 at a depth of 150 Km beneath the volcanic province of northern 
Ce].ebes, an area in which a number of large magnitude precursor 
earthquakes are known for eruptions of Soputan and Lokon Empung 
volcanoes. There was no apparent volcanic response to this 
earthquake. 
Clearly, therefore, before much progress can be made in 
evaluating the probable effects of particular earthquakes, a much 
greater understanding is required of the focal mechanism of 
earthquakes, as well as of the deep structure of volcanoes, with 
some means of discriminating between the present ambiguity of 
'Footnote:- A focal mechanism determination by Ritsema for this 
earthquake, reported and re-evaluated in Wickens and Ilodgeon 
(19 67: determination number 59) shows that the earthquake appears to 
have caused either dextral strike slip faulting or steep-angled 
thrust faulting in the area. It is not, however, immediately obvious 
exactly how either of these solutions would have affected magma 
bodies in the roots of the volcanoes. 
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possible solutions. Hodgson and Stevens (1964) have shown that the 
line of intersection ('Null Axis') of the two orthogonal planes, on 
one of which shear failure may have taken place, can be uniquely 
determined, althougli,. unless sufficient data on the first motion 
of the transverse wave are available, no unambiguous choice can be 
made between the two planes themselves. It is generally found that 
in large magnitude earthquakes these lines of intersection parallel 
the tectonic fold axes (B-Kinematic axes) of the regional structures 
(see McIntyre and Christie,. 1957). 
Unfortunately, at present, not only is there ambiguity in the 
selection of the plane along which movement in the focus may have 
occurred, there is also a lack of understanding of what a P-nodal 
solution means in physical terms. Thus the fact that a P-nodal 
solutioiz is able to define the radiation pattern of waves from an 
earthquake focus in terms of shear failure along a fault does not 
mean that this was the causative process of the earthquake. Evison 
(1963) has made a convincing case for regarding fault motions as 
effsct3 rather thin causeas of savthquakss.* Further,..in the same paper, 
*FQtnote:_ In a later paper (Evison, 1966) he extends this idea in 
particular as regards deep focus earthquakes. He points out that 
available P-nodal solutions for the bulk of these earthquakes are 
consistent with dilatational. first onsets in their epicentral areas 
and that this in turn is consistent with the idea that volumes of 
rock are undergoing transformation to denser matérial in the mantle. 
An interesting pointer to the fact that the crust in the epicentral 
area of deep earthquakes reacts independently of the mantle can be 
observed in the Lau Islands of Fiji, Here numerous lmuslkrooml islets 
of reef coral exhibit deep undercutting at mean tide level. Clearly 
- 	such aeffect could not have occurred had the crust been sinking here. 
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the cause itself he attributes to metastable phase transitions. This 
idea is further explored by Dennis and Walker (1965) 0  and Walker and 
Dennis (1966) 9 in which mantle óonvection currents are invokd to 
account for the transport 'of mineral assemblages' from one pressure-
temperature environment to another. Phase transitions are described 
which, over a focal area of perhaps 10 Km in diameter, could be 
almost instantaneous. Randall (196 14 0 a,b, 1966) has shown that a 
sudden phase transition., even for a small density chage, offers. a 
much more concentrated source of seIsmic energy than does sudden 
faulting. He pointed out (1964, b) that a deep earthquake of 
magnitude M z 7.5 0 which has a seismic energy of 10 23 erga, requires 
a source volume, on the fault hypothesis, of 10 1cm 3 , but a volume 
of only 1.3 Km 3 if a phase transition involving a volume change of 
only a little over 1% is assumed.* 
The'hypothesis put forward by Robson, Barr and Luna (1968), 
that extension failure is a common mechanIsm of earthquakes when 
liquid is present along crystal boundaries in the Dock fabric, has 
already been discussed in Section C. They suggested that this 
mechanism was most frequent in earthquakes of oceanic rift 
- 	 ' 	 ' 	 '' 	 ... 	 .' 	 ' 	
'............... .....-. 
*Footnote:.. Chander and Brune (1965) determined the radius of the 
focal area of a magnitude 7 intcrmediate focus Hindu Kush earthquake 
as less than 10 Km. They used data of P and S waves, including 
pulse shapes ., and mantle Rayleigh waves, and determined the source 




environments, but that it also occurred in arcuate structures such 
as Japan. As already pointed out, seismograph stations are 
required in the epicentral area of an earthquake in order to 
distinguish this mechanism from the generally accepted shear 
failure. 
Liquid is likely to be present to a greater or lesser extent 
in all low-velocity regions in the mantle. The principal lou 
velocity region postulated by Gutenberg (1959) in the upper mantle, 
and confirmed by most workers since (Ringwood, 1966: Anderson, 
1967), is considered to lie at a depth of about 80 to 200 Kin, which 
significantly, is the typical depth of intermediate focus earthquakes 
beneath active volcanoes in island arc structures, 
As Randall (1964, a) has pointed out, the occurrence of 
earthquakes in strictly limited zones is better explained by the 
hypothesis that material from a shallower depth is there descending 
and becoming metastable, than by the hypothesis of deep fault zones 
in which brittle fracture occurs, Evidence from Japan 8Uggeats that 
deep and intermediate focus earthquakes have directions of maximum 
compression nearly at right angles to the strike of the tectonic belt, 
whereas in shallow earthquakes and those in the uppermost mantle 
(that is above the low velocity layer) the directions of maximum 
compression parallel the tectonic strike (Ichikawa, 1969). 
It is probable that in all regions of the mantle in which 
deformation is taking place, except the narrowly defined earthquake 
belts, accommodation to the regional stress field takes place by 
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plastic flow of the rocks. If it.be  accepted that in oceanic areas 
the entire lithosphere down to a depth of 80 or 100 Km is moving 
horizontally relative to the underlying mantle (Isacks, Oliver and 
Sykes, 1968) then the base of this layer, the top of the low velocity 
layer, is clearly the principal region in which such plastic flow 
takes place. 
Only in the restricted earthquake belts in which rigid material 
is carried down to pressure-temperature regions where it becomes 
metastable do deep and intermediate focus earthquakes occur. Such 
belts are compress ional because they mark the regions in which two 
opposing blocks meet. Deep and intermediate earthquakes are part 
of the process of underthrusting of one block by the other: shallow 
earthquakes and those in the uppermost mantle in the same zones 
reflect a process of extension which is related to local tensional 
conditions on the surface of the down-going slab of lithosphere (see 
Isacks, Oliver and Sykes, 1968: Stauder, 1968). In many zones of 
convergence and opposition of two crustal blocks an element of 
lateral pressure occurs because the oppostng blocks are not moving 
directly towards each other normal to the tectonic strike. In such 
cases transcurrent strike slip faulting takes place at shallow 
depths. Thus the high level of shallow eeiamicity in Tonga and the 
powerful deep focus activity in Fiji are both essentially caused by 
the favourable orientation of the structure which lies almost at 
right angles to the advancing Pacific lithosphere, together with the 
fact that the overthrusting Australasian block is itself probably not 
inert but is drifting to the north-east or east and is thus in direct 
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conflict with the Pacific block. Dextral strike slip faulting is 
taking place along this structure (see Hedervari, 1967). 
The sudden stress drop which accompanies an earthquake is 
likely to be a mechanism by which magma is generated in the vicinity 
of the low velocity layer. Thus intermediate focus earthquakes may 
directly increase the volume of magma in the mantle in those azimuths 
in which increased tensional conditions occur as a result of an 
earthquake. There is also every reason to believe that earthquakes 
affect volcanic processes directly by modifying the state of stress 
in the crust and upper mantle. A sudden decrease in compression 
accompanying a large earthquake at some distance may allow magma 
already formed to rise successfully through the crust, and, as already 
suggested, a sudden increase In compression when magma has reached 
high levels in a volcano may result in triggering of an eruption. 
Ideally, changes in the directions of the dominant stress field 
can be determined from focal mechanism studies of earthquakes and 
changes in the rate of strain accumulation, given a constant strength 
of the rock, from a study of the intervals between them. In practice, 
however, the rigorous criteria laid down by Stevens and Hodgcon (1968) 
for the effective use of the Wickens and Hodgeon (196 71) computer 
programme for P-nodal solutions means that insufficient earthquakes 
are yet available for any evaluation of regional seismicity along 
these lines. In particular little idea of the rates at which strain 
accumulates can be obtained, since large magnitude earthquakes 
rarely repeat in precisely the same focus. 
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The manner in which stress is released by earthquakes is of 
importance in evaluation of the changing conditions of a regional 
stress field. The fact that volcanism and tectonic development 
ultimately depend on such a stress field suggests that carthquakes 
should ideally be classified by their mechanism. At present they 
are generally classified in terms of magnitude (energy content), 
depth of focus and location only. Such an approach is already 
possible for very large magnitude earthquakes and with the development 
of better techniques involving transverse and surface waves could be 
extended to smaller and smaller magnitude events. A classification 
in terms of the rock material in which an earthquake occurs (which 
would enable an estimate to be made of the amount of partial melting 
accompanying it) is obviously the ultimate ideal but this is at 
present quite impractical. 
G3.2 REFINEMENT OF HYPOCENTRES BY USE OF THE 'NETWORK-ARRAY! METHOD 
OF STUDYING SEISMICITY 
The method outlined in Section Dl, whereby a local network of 
high quality stations is used to determine the epicentres and origin 
times of earthquakes within the area that it encloses, once depth of 
focus has been fixed by use of velocity-filtered array station records,* 
'Footnote:- Extensive use of the U.K.A.E.A. array stations has been 
made for discrimination of focal depth in shallow earthquakes (see 
Thirlaway, 1961) at distances less than about 1000 Km: current 
research (P.D. Marshall, personal communication) is also being applied 
to the same problem at teleseismic distances. 
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offers a useful prospect of locating hypocentres in their true 
positions. Furthermoreo source, path and station corrections for 
all seismograph stations recording earthquakes fixed in this way 
should be obtainable * By virtue of the fact that many good stations 
are thereby located in the epicentral region of an earthquake, great 
improvement is to be expected by use of a network in the determination 
of focal mechanism, and, in particular, in the discrimination of the 
extension failure mechanism (Robson, Barr and tuna, 1968) from 
norm&l patterns of shear failure. 
It has been proposed (Latter, 1969) that a programme of this kind 
might be undertaken in the south-west Pacific. There, intermediate 
and deep focus earthquakes (those that characteristically give the 
clearest first onsets at distant stations) are comparatively frequent 
within areas that could be spanned by good networks of instruments 
recording by telemetry on maict1c tap3. The report mentioned 
describes In detail possIble configurations of networks in the 
BismarcJc and Solomon Islands, the Santa Cruz and New Hebrides Islands, 
and in the Lau Islands of Fiji, a particularly suitable area for the 
study of deep focus earthquakes. The first steps in implementation 
of this programme are currently being taken with the installation of 
a network of stations based on Rabaul caldera which, it is hoped, will 
successfully span a large part of the Gazelle Peninsula of New 
Britain and the south coast of New Ireland. 
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ESTIMATE OF TOTAL SEISMIC AND VOLCANIC ENERGY RELEASE, 	1897-1968, BY TECTONIC REGION AND PRINCIPAL DEPTH ZONES 
1 6 
TECTONIC REGION 
SEISMIC ENERGY RELEASE, IN ERGS. ESTIMATED 
(FLINN and 2 3 
4 	 5 THERMAL  
ENCDAHL (1965) SHALLOW INTER- DEEP TOTAL 
ENERGY 
(IN ERGS) 
GEOGRAPHICAL ME DI ATE OF 
REGION NUMBERS (h0 to (h41 to (h350 km VOLCANIC 
are given in 40 km or 349 kin) or FFUPTION 
brackets) not given) deeper) 
- 	 - 	 - 
---- I 
Alaska-Aleutian 
1.41x10 25 1.3x102'4 1.54x10 25 2.a4x1026 
92% 8% - 	 3rd 12th - 3rd 1st 
Is. 	(1-17) - 10.5% 2.6% 8.1% 26% 
West coast of 100% - - 	 12th 26th - 15th 24th 
North America 
3.8x10 2 '4 1.'4x].0 22 3.8x10 2 '4 2 x io23 
2.8% - 2.0% - 
(18-46) - 
Mexico (47-69, 
6.4x10 2 '4 8.7x10 23 7.3x10 2 '4 2.7x10 25 







84 9 	521-527) - 3% 
Guatemala to 65% 35% - 	 15th 13th - 16th 4th 
Panama 
(70-83, 	93) 2.2x10 2 '4 1.2x10 2 '4 - 3.'4x10 2 '4 9.0x1025 
1.6% 2.4% 1.8% 11% 
Caribbean Loop 
2.2x10 24 2.9xlO 23 2'4 2.5x10 3.lxlO 25 
88% 12% 15th 19th - 18th 6th 
(85-92,94-101) - 
- 1.6% 0.6% 1.3% 4% 
Andean South 64% 33% 3% 	2nd 1st 2nd 1st 2nd 
America (102- 
146) 1.t45x1025 7.5x10 2 '4 7.0x1023 2.27x1025 1.26x1026 
10.7% 15.1% 19.9% 12.0% 15% 
Scotia Arc 
2 '4 3.0x10 23 1.4 x10 2 '4 7 x 10 
78% 22% 23rd 17th - 24th 14th 
(147-157) 1.1 x 10 - 
- 0.8% 0.6% 0.7% 1% 
New Zealand to 82% 18% - 	 19th 17th 12th 21tt 22nd 
Macquarie I. 
(158-168) l.4x10 2 '4 3.OxlO 23 2.7x10 21 1.7x10 2 '4 3 x io23 
1.0% 0.6% 0.07% 0.9% - 
Fiji-Tonga- 50% 38% 12% 	10th 6th 1st 7th 22nd? 
Kermadec Is. 
(171-182) 5,3x10 2 '4 Ls.1x10 2 '4 l.3x102 '4 l.O7x1O25 3 x io23? 	
- 3.9% 8.1% 37.2% 5.7% - 
New Hebrides 
Arc (183-189) 3.7x10 2 '4 4.6x10 2 '4 4.4x10 21 8.3x10 2 '4 1.9x102 
5 45% 55% 
- 
13th 4th 11th 10th 12th 
2.8% 9.1% 0.13% 4.4% 2% 
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ESTIMATE OF TOTAL SEISMIC AND VOLCANIC ENERGY RELEASE, 1897-1968, BY TECTONIC REGION AND PRINCIPAL DEPTH ZONES 
SEISMIC ENERGY RELEASE, IN ERCS 6  
TECTONIC REGION ESTIMATED 
(FLINN and 2 3 4 	5  THERNAL 
ENGDAHL (1965) SHALLOW INTER- DEEP TOTAL ENERGY 
GEOGRAPHICAL MEDIATE 
(I N ERGS) 
OF 
REGION NUMBERS (hO to (h:41 (h350 km VOLCANC 
are 	ven in 40 km or to or ERUPTI(NS 
brackets) not given) 349 km) deeper) 
PARTITION OF 
	
RANK AND PARTITION OF SEISMIC AND VOLCANIC 
SEISMIC ENERGY ENERGY WIT11 RESPECT TO OTHER REGIONS 
WITHIN REGION 
SHALLOW INTER- DEEP 	SHALLOW INTER- 	DEEP 	TOTAL 	VOLCANIC 
MEDIATE 	 MEDIAT: SEISMIC (APPROX.) 
80% 	19% 	1% 	9th 	11th 8th 11th 	16th New Guinea, 
Bismarck and 4.4% 	2.8% 2.1% 4.0% 
boiomon Is. 
(190-208) 	6,0x1024 	1.4x1024 	7.2x10 22 	7.5x10 24 6 x io 2 
Caroline, Marl- 
ana and Ronin 
Is.(209-: 16) 	1.1x102&1 	3.7x1024 	2.7x10 23 	5.1x10 24 5 x 10 24 
Hokkaido and 
Honshu Arcs 
( 22 3-2 30, 2 32- 
233 9 236-237 0 657- 
658*,659_660) 	)..67x1O 	4.2x1024 	3.5x1023 	2.13x1025 1.1x1025 
Kuri le-Kamchatka 
Arc (217-222, 
661-663) 	6.7x1024 	&1.7x10 24 	5.7x10 23 	1.20x1025 6.9x10 25 
22% 	73% 	5% 	23rd 9th 5th 14th 	17th 
0.8% 7.3% 7.7% 2.7% 
78% 	20% 	2% 	1st 6th 4th 2nd 	13th 
12.4 9i 8.3% 10.0% 11.3% 1% 
56% 	39% 	5% 	7th 	3rd 	3rd 	6th 	5th 
5.0% 	9.3% 	16.3% 6.3% 8% 
China, S.E.Asia, 
E.U.S.S.R. (299- 
301, 307 , 318 , 320- 
323,325-334,656, 	 100% 	- 	- 	4th 	25th 	- 	5th 	26th 




(231,34-235 9 	 44% 	56% 	- 	14th 	7th 	- 	13th 	9th 
238-247) 3.Ox]..0 24 	3.9x1024 	- 	6..9,1O24 	 9-, 
Philippine Is. 	 9 6 % 	4% 	- 	6th 	16th 	9th 	8th 	14th 
(248-260) 	9.6x].0 24 	4.2x10 23 	2.9x10 22 	1.00x10 25 7 x 1024 	 7.1% 	0.8% 	0.8% 5.3% 1% 
Celebes ,Moluccas, 
Lesser Sunda Are 	Le.6x1024 	'4.9x1O 24 	7.9x1022 	9.6x10 24 t& x io 	 48% 	51% 	1% 	11th 	2nd 	7th 	9th 	18th 
(262-2720279-2819 3.4% 	9.7% 	2.3% 	5.1% 
285-293) 	 Footnote: **Deep earthquakes only 	li11ow and intermediate earthquakes only 
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1 
TECTONIC REGION stIsuIr r:i:pcy EFLEASE., 	I ' 	j ESTIMATED 
PARTITION OF 
SEISMIC ENERGY 
(FLINN and 2 3 '4 	 6 
THERMAL 
ENERGY WITHIN REGION 
ENGDAHL (1965) SHALLOW INTER- DEEP TOTAL (IN ERGS) 
GEOGRAPHI CAL MEDIATE OF  
7 	8 	9 
REGION NUMBERS (h=O to (h=41 to (h:350 km VOLCANIC SHALLOW 	INTER- 	DEEP 
are given in 40 kin or 349 kin) or ERUPTIONS MEDIATE 
brackets) not given) deeper) 
RANK AND PARTITION OF SEISMIC AND VOLCANIC 
ENERGY WITH RESPECT TO OTHER REGIONS 
10 	11 	12 	13 	14 
	
SHALLOW INTER- 	DEEP 	TOTAL 	VOLCANIC 









6th 	18th 	11th 







704 9 707-712, 1.Olx].0 25 3.9x102'4 - 	 1.40x10 25 	- 	 72% 	28% 
5th 








(335-356 9 1.8x10 2 '4 23 - 	 1.9x10 2 '4 	- 	 92% 	8% 
17th 








Lait (357-375) 1.2x10 2 '4 i.6xi02'4 - 2.8x10 2 '4 3 x 1C 4 '4 
Central and W. 
Mediterranean, 
N.Africa 
(376-401) 	 3.1x10 23 	1.Ox1C 22 	2.3x1022 3.4x1023 	2.lxlc 25 
22nd 	10th 	 17th 	19th 
43% 	57% 	- 	0.9% 3.1% - 	1.5% 
26th 	27th 10th 26th 10th 
90% 	3% 	7% 	0.2% 	- 0.6% 0.2% 2% 
Atlantic and 
central Arctic 
Oceans (402- 19th 22nd 23rd 	7th 
414 9 633-655) 	1.4x102 '4 	1.2x1023 	- 	1.5x102 '4 	2.7x1025 	92% 	8% - 	 1.0% 0.2% - 	 0.8% 3% 
Indian Ocean 19th 20th 22nd 	21st? 
(415-437) 	 1.4x10 2'4 	2.3x1C 23 	- 	1.6x102 '4 1 x lu 	 86% 	14% - 	 1.0% 0.4% - 	 0.8% - 
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1 6 
TECTONIC REGION ESTIMATED 2 3 5 THERMAL 
(FLINN and 
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GEOGRAPHICAL 
(hO to (h41 (h350 kin 
or 
REGION NUNBERS VOLCANIC 




deeper) ERUPT7ON brackets) 
PARTITION OF 	
RANK AND PARTITION OF SEISMIC AND VOLCANIC 
SEISMIC ENERGY 
ENflRI;Y WITN RESPECT TO OTNEF REGIONS 
WIi N REGION 
	
INTER- 	DEEP SJB4LLOW INTER- 	DEEP 	TOTAL 	VOLCANIC 
;H:r)IATE SEISMIC (APPROX.) 
Pacific Ocean 
(169-170,611- 
632 9 683-702) 23 6.2x10 22 9.2x10 23 - 	 7.1x10 
26 1.11xlO 87% 13% 
25th 
0.5% 
2'4th 25th 	3rd 
- 0.2% - 	 0.4% 14% 
N. Canada ,Arctic 
U.S.S.R. 	(667- 
682 0 725-726) 8.0x1022 1.4x10 2 ' - 	 8.1x10 22 - 28th 30th 29th 
2% 
- 
0.1% - - 	 - 	 - 
N. and central 
Europe (532- 
549 9 721-724) 2.4x10 21 8.9x10 19 - 	 2.5x1021 - 96% 4% 
31st 




- 	 - 	 - 
E. and central 
N.America, Non- 
Andean S.Ameri-
ca (438-520,528- 5.5x10 22 8.4x10' 1 - 	 6.3x1022 
- 13% 
- 	 29th 28th - 	 30th - 
531) 
Africa, Red Sea, 
Arabia (550-587) 22 9.5x10 21 8.L4x10 23 - 	 1.0x10 
24 
2 x 10 92% 8% 
27th 28th 28th 	20th 




(588-610) 22 3.1x10 22 9.'4x10 
23 
- 	 1.3 X 10 
- 25% 75% 
30th 23rd 27th 
- 	 - 0.2% - 	 0.1% 	- 
Antarctica 
(727-729) 8.9x10 19 - - 	 8.9x10 19 1 x io23? 100% - - 	 32nd - - 	 32nd 	25th? 
TOTALS 1,348x10 26 5.07x10 25 3.5x10 2 '4 	1.890x10 26 8.24x1026 - 
71% 27% 2% 	- - - 	 - 	 - 
13t 	1st 	1st 	1st 	1st 
70% 	28% 	2% 	72.5% 	76.6% 	94.3% 7 14.0% 	77% 
74j% 	25% 
2nd 	2nd 	2nd 	2nd 	3rd 





1 	 6 	 PARTITION OF 
TECTONIC BELT 	 SEISMIC ENERGY RELEASE, IN ERGS. 	 ESTIMATED 	 'C ENERGY 
2 	 3 	 4 	 5 	
THERMAL WITHIN BELT 
ENERGY  
SHALLOW 	INTER- 	DEEP TOTAL (IN ERGS) 	 7 	8 	9 
MEDIATE OF 
RANK AND PARTITION OF SEISMIC AND VOLCANIC 
ENERGY WITH RESPECT TO OTHER BELTS 
VOLCANIC 	SHALLOW INTER- 	DEEP I 	SHALLOW INTEi- 	DEEP 	TOTAL 	VOLCANIC (hO to 	(h=41 to (h=350 km  
I#Okmor 349km) 	or 	
ERUPTIONS MEDIATE J MEDIATE SEISMIC (APPROX 
not given) 	 deeper) 
Circuzn-Pacific 
mc]. Caribbean 
and Scotia Arcs, 
Ky ushu- Ryukyu- 
Taiwan, and 
Phi1ipine Is. 
(1-168 9 171-260 9 
521-527 ,657_658** 
659-663) 9.77x10 25 3.89x1O 25 	3.3x1024 1.399x10 26 6.35x1C 26 
Alpine-Himalayan, 




Sunda Arcs (261- 
401,656 9 657_658* 




(169-170 0 402-437 0 
611-655 9 683-702) 3.4xl024 l4L4jO23 	- 3.8L1x10 214 1.39x10 26 
Continental Shields 
and margins (all 
other areas) (438- 
520 9 528-610 0 667- 
682 9 721-729) 2.7x10 23 1.1x1023 	- 3.8x1023 2 x io24 
3rd 3rd 3rd 2nd 




71% 	29% 	- 	 0.2% 	O.2 - 	0.2% - 
TOTALS 	 1.3 148 x 	5.07x10 25 3.5x1024 	1.890 x 	8.214x1026 	71.4% 	26.8% 	118% 	- 	- 	 - 	- 	 - 
10 26 10 26  
Footnote. **Deep earthquakes only, *shal].ow and intermediate earthquakes. 
.. -----. 	 - 	• .- 	 jj- -- . 	 ,. .L._ 	- -- 
322. 
TAE3LE 2 
VOLCANIC ERUPTIONS WITH THERMAL ENEPOY PELEPSE 
IN EXCESS OF 1026  FPC 
1. 	 2. 	 3. 	 14• 
Volcano, region 	 7.crr1 Fnerj 
(Flinn & Engdahl (1965) 	 Year 	Release, ergs, Magnitude 
geograp!iical region 	 L 
number in brackets) th 
Tdrr:]ora, Surnb.;a (235) 	 1815 	1.; x i27 	10.1 
Laki, Iceland (638) 
Mt. Nazama, Oregon (32) 
Santorin, Aegean Sea (369) 
Coseguina, Nicaragua (714) 
Eldgja, Iceland (638) 
Katrnai, A1ask (12) 
Krakatoa, Sunda Straits (276) 
Kliuchevskoi, Kainchatka (217) 
1783 8.7 x 1026 
about 8000 P.C. 6.8 x 10 26 
about 11400 B.C. 5.1 x 
1835 14.8 x 10 26 
950 2.8 x 1026 
1912 2.0 x 
10 26* 
1883 1.7 x 1026 









*Qther estimates (e.g. Jaggar, 19145) give 3 x 10 26  ergs, equivalent to 
Me = 9.8 0 for the Katinai eruption. 
TABLE  
DISTRIBUTION OF ACTIVE AND POTENTIALLY ACTIVE VOLCANIC CENTRES BY REGION 
(EXCLUDING CENTRES OF MUD VOLCANISM) 
1 2 
TECTONIC REGION FLINN & 











Submarine Subaerial Volcanoes 
Percentage 
of Centres 
AGAINST THE WORLD TOTAL  
GRAPHICAL Solfatara Volcanoes 5 - 6 7 8 with known 
10 11 





known reports TOTAL 
against total with known Number of 
eruptic.ns of for region eruptions Centres 
kno..n eruptions 
Alaska- 
Aleutian Is. 1-17 - 1 38 2 7 68 4 % 44% 6.5% 8.1 
West coast of 
N.Ainerica 1846 3 1 6 C 2 18 39% 1.2% 1.6% 
Mexico 47-69, 	84 1 - 13 
521-527 2 2 18 72% 2.2% 1.6% 
Guatemala to 
Panama 70-83 9 	93 2 - 29 
36 5 72 leot '4.8% 6.6% 
Caribbean Loop 85-92 9 94-101 1 '4 4 1 18 '% 1.3% 1.6% 
Andean S. 
America 102-146 1 2 54 13 22 92 61% 9.3% 8.4% 
Scotia Arc 147-157 - 2 6 5 1 14 57% 1.3% 1.3% 
New Zealand to 
Macquarie I. 158-168 21 2 5 - 30 23% 1.2% 2.7 
Fiji-Tonga- 
Kerniadec Is. 171-182 - 10 5 1 - 16 94% 2.5% 1.5% 
New Hebrides 
Arc 183-189 1 3 7 3 2 16 63% 1.7% 1.5% 
New Guinea, 
Bismarck and 
Solomon Is. 190-208 12 4 21 
1.5 3 55 45% 4J.% 5.0% 
Caroline, 
Mariaria and 
Bonin Is. 209-216 - 16 10 
'4 - 30 87% 4.3% 2.7% 
Hokkaido and 223-230 9 232- 
Honshu Arcs 233 0 236-237, 1 - 31 
65 9-660 11 6 49 53% 5.2% 4.5% 
Kurile-Kamchatka 217-2229 
Arc 661-663 - 2 48 
18 6 74 68% 8.3% 6.8% 
Kyushu-Ryukyu- 
Taiwan Arcs 	231 9 23 14_235 9 
238-247 	 2 	 7 	 11 
Philippine Is. 	248-260 	 5 	 2 	 11 
Celebes, 262-272 9  
Moluccas, Less- 279-281 5 
er Sunda Arc 285-293 	 '4 	 6 	 39 
Greater Sunda 261 9 273-278, 
Arc 282-284 9  
705-706 	 4 	 - 	 36 
Burma-Himalaya- 294-298 ,3O2- 
Afghanistan 306 9 308-317 5 
Arc, India 319 0 324 9 703- 
704 9 707-712 9 
717-720 	 - 	 - 
South-central 
Asia, Iran 	335-356 9 713- 
716 	 - 	 - 	 - 
Balkans, E.Med- 
iterranean, 
Middle East 	357-375 	 3 	 - 	 5 
Central and W. 
Mediterranean, 
N.Africa 376-401 	 2 	 10 	 26 
Atlantic and 
Central Arctic 402-414 1  
Oceans 633-655 	 10 	 28 	 40, 
Indian Ocean 415-437 	 - 	 1 	 3 
. 
TABLE 	- 3 (Cont'd.) 
DISTRIBUTION OF ACTIVE AND POTENTIALCTIVE VOLCANIC CENTRES BY REGION 
(EXCLUDING CENTRES 	OF MUD VOLCANISM) 
1 2 
NUMBER OF VOLCANIC 
- CENTRES IN REGION 9 NUMBER OF CENTRES IN 
TECTONIC REGION FLINN & Approx. REGION: PERCENTAGE 
(as in Table 3 ENGDAJIL 
3 '4 Subaerial Volcanoes Percentage AGAINST THE WORLD TOTAL 
(1965) CEO- Major Submarine of Centres 10 11 
GRAPHICAL So1fatri Volcanoes 5 6 7 	 8 with known 
REGION NO 8 . FumaroL.. (with Eruptions No Dubious Eruptions Centres Total 
& Geyser known known eruptions reports 	TOTAL against with known Number 
Fields eruption) known of total for eruptions of eruptions region Centres 
China, S.E.Asia 299-301,307 9 
E. 	U.S.S.R. 318,320-323 9  
325-334,656 
658 0 664-666 - 2 4 - 1 	 7 86% 1.0% 0.6% 
- 2 22 82% 3.0% 2.0% 
12 1 31 42% 2.2% 2.8% 
13 3 65 69% 7.5% 6.0% 
28 2 70 51% 6.0% 6.4% 
1 
- 2 50% 0.2% 0.2% 
3 1 '4 0% 0% 0.4% 
3 1 12 42% 0.8% 1.1% 
2 1 41 88% 6.0% 3.8% 
5 9 92 74% 11.4% 8.4% 
3 - 7 57% 0.7% 0.6% 
32 5 . 	 -. 	- 	- 
i-i-. - ..- - 	- 	-• * 	-- 	 - 	-. 
	
TABLE 	(Cont'd.) 
DISTRIBUTION OF ACTIVE AND POTENTIALLY 	ACTIVE VOLCANIC CENTRES BY REGION 
(EXCLUDING CENTRES 	OF MUD VOLCANISM) 
1 2 
FLINN & NUMBER OF VOLCANIC 
CENTRES IN REGION 9 
Approx. NUMBER OF CENTRES IN 
ENGDAHL Percentage REGION: PERCENTAGE 3 TECTONIC REGION (1965) CEO- Subaerial Volcanoes of Centres 
AGAINST THE WORLD TOTAL _________________________ 
GRAPHICAL Major Submarine 	
_______  
6 7 8 with known 10 11 (as in Table 3) REGION Solfatara Volcanoes No Dubious Eruptions 




& Geyser known known known of total for Number Fields eruption) eruptions region 
eruptions of 
Centres 
Pacific Ocean 169-1700611- C 
632,683-702 - 5 16 3 29 2.7% 72% 3,5% 
N,Canada, Arctic 667-682 9 
U.S.S.R. 725-726 - - 2 - 
- 2 100% 0.3% 0.2% 
N. and central 532-549 9 - - - - - 
Europe 721-724 - - - 
- 
E. and central 2 N.America, Non- - 3 0% 0% 0.3% 
Andean 438-520, 
S. America 528-531 1 - - 
Africa, Red Sea, 
Arabia 	 550-587 	 13 	 1 	 19 
49 	29 111 18% 3 S 3% 10.2% 
Australia, Norfolk 588-610 
Is., New 
Caledonia 
Antarctica 	 727-729 	 1 	 - 	 1 	 - 	 2 	 4 	 25% 	 0.2% 	 0.4% 
TOTALS 	 - 	 88 	 109 	 491 	 292 	112 	 1092 	 55% 	100.0% 	 100.0% 
32 6 • 	___ ---- ., - 	-. --- 	- 	- 	- 	----- -. - - 	- - 	.-... - - 
TABLE 3 _OVERALL SUMMARY 
1 2 NUMBER OF VOLCANIC CENTRES IN BELT Approx. NUMBER OF CENTRES IN  
TECTONIC PELT FLINN & 3 4 8 Percentage ENGDAHL Major Submarine Subaerial Volcanoes of Centres  AGAINST THE WORLD TOTA] 
(as in Table 1) (1965) CEO- Solfatara Volcanoes  _______________________ with known 10 11 
GRAPHICAL Fumarole (with 5 6 7 TOTAL Eruptions Centres Total REGION 8 Geyser known Eruptions No Dubious against with known Number NUMBERS Fields eruption) known eruptions reports of total for eruptions of known eruptions Belt Centre 
Circuni-Pacific 
including - ..----.---. 
Caribbean and 
. 
Scotia Arcs, 1-168 9 -- 	 -.-- 	--- - -.- - 	 - - 	 - 




659-663 50 56 299 
178 60 643 55% 59.2% 
Alpine-Himalayan 
including China, 
- 	 -- - 	 -.-.-. --.- 
S.E.Asia,  
E. U.S.S.R., 	and 261-401 9 
Celebes, 656-658, '---- .-'--.r 	-' --------- 
Moluccas, and 664-666 9  
Sunda Arcs 703-720 13 18 ill 50 9 201 64% 21.5% 18.3% 
Atlant., Arctic, 169-170 9  
Indian and 402-437 9  
Pacific Oceans 611-655 9 
683-702 10 314 59 13 12 128 73% 15.5% 11.7% 
Continental 438-520, 
Shields and 528-610, 
margins (all 667-682 9  
other areas) 721-729 15 1 22 51 31 120 19% 3.8% 11.0% 
TOTALS 	 - 	 88 	 109 	 *491 292 	112 	 1092 	 55% 	 100.0% 	100.0% 
327. 
TABLE 14 
TECTONIC REGIONS IN ORDER OF APPARENT VOLCANIC ACTIVITY 
(neg1€rng regións with less than 1% 
of total number of volcanic centres) 
1 	 2 	 1 	 2 
TECTONIC REGION 	PERCENTAGE 	TECTONIC REGION 	PERCENTAGE 
EXCESS OR EXCESS OR 
(as in 	 DEFICIT IN 	 (as in 	DEFICIT IN 
NUMBERS OF NUMBERS OF Tables 1 & 3) 	 Tables 1 & 3) RECORDED 	 RECORDED 
ERUPTIONS ERUPTIONS 




Kermadec Is. + 140.0% Scotia Arc 0.0% 
Caroline ,Mariana 
& Bonin Is. +37.3% Greater Sunda Arc -6.2% 
Central and W. New Guinea, 
Mediterranean, Bismarck and 
N.Africa +36.7% Solomon Is. -18.0% 
Kyushu- Ryukyu- 
Taiwan Arcs +33.3% Caribbean Loop -18.7% 




Oceans +26.14% Philippine Is. 
Pacific Ocean +22.9% West coast of  
North America 
Celebes,Hoiuccas, GuatemalE to 
Lesser Sunda Arc +20.1% Panama -27.3% 
Xurile-Kamchatka Balkans, E.Med- 
Arc +18.1% iterranean, -27.14% 
Middle East 
Hokkaido and New Zealand to 
Honshu Arcs +13.14% Macguarie I. -55.7% 




Pacific Oceans +214.5% 
Alpine-Himalayan 
Belt +114.9% 
Circum-Pacific Belt +0.3% 
Continental Shlds 
& margins (all 
other areas) -65.5% 
TABLE S 
POSSIBLE CORRELATIONS BETWEEN MAGNITUDE 8 EARTHQUAKES 
AND LARGE VOLCANIC ERUPTIONS (THERMAL ENERGY > 10' 4 ERGS) 
Earthquake 	 Volcanic Eruption 	Hypo- 	Differ- Velocity 
Focal Magn.it- 	 central once 	(kin! 
Depth 	ude distance in time day) 
Date 	Location 	(1(m) (M) 	Date 	Location 	(1(m) 	(Days) 
• 	2. 	6.03 Alaska 	100 
Peninsula 
8.3 .6, 6,12 Katmai 208 3289 0.06 
31. 1.06 Off coast 
Ecador 	 . .,9 : 	3. 3.16 Tungurahua 350. 3681 0.09 
19. 4.02 Guatemala - .8.2. 24..I0.02 Sania Maria 109 7 .188 0.58: 




4.32 Quizapu 155 1225 0.13 
25. 6.04 Kamchatka 8.3 15.' 3.07 Ksudach 165 993 0.17 
3. 	6432 Mr. coast 	- 
Jalisco 
8.1 20.. 2.43 Paricutin 228 3912 0.06 
4.11.52, Kamchatka. 	. -. :...8,.,.4..3.0.,3.56 Bezymianny 	,. 425, 1241,,  0.34 
29.10.00 Caribbean Sea 8.4 	7. 5.02 Soufrire 600 	555 	1.08 
St..Vincent 
6.11 Ryukyu Is. 160, 8.,7 ,. 	12. 	1.14 Sakurajima 392 .941 0. 14,2 
29.10.00 Caribbean Sea , 8.4 , 	S. 	5.02 Mt. Pelee 690 	, . 556 1.24 
4.5.59 Karnchatka 60 8. 110.11.6 Sheveluch 510 2016 0.25 
6.10 New Hebrides 100. .8.6 .6.12.13 Arnbrym . 	364 1268 	. 0.29 
14.10.13 New Hebrides 230 . 	8,1 . 	6.12.13,. Ambrym .440 53 .8.31 
10.11.38 Alaska 
Peninsula 
- 8.7 19. 5.49 Mt.Trident 450 4205 0.11 
23.. 	7.43 South of Java 90 8.1 2.4. 	2.63 Agung 630 7151 0.09 
/Cont'd. 
co 
TABLE & (Cont'd.) 
POSSIBLE CORRELATIONS BETWEEN MAGNITUDE 8 EARTHQUAKES 
























2.12.50 New Hebrides 60 8.1 6.12.50 Ambryrn 240 4 60.0 
27.. 	2.03. South of Java - 8.1 20. 5.19 Kelud 710 5840 0.12 
21. 	9.97, Mindanao - 8.7 27. 1.11 Taal 900 4745 0.19 
11. 8.03 S.Greece 100 8.3 11. 8.25 Santorin. 288 8030  0.04 
26._6.26, Dodecanese Is. 100 8.3 20. 8.39 Santorini 254 4800 0.05 
7.12.414 S. Honshu - 8.3 15. 1.46 Sakuraima 610 .404 1.51 
.1. 	9.23 Kanto,Honshu 8.3 	. 17.8.39 Torishima 535 5825 0.09 
25. 	6.1 14 S.W.of Sumatra - .8.1 . 10. 7.33 Pernatang. Bat&,&9O 6920 0.08 
3.2.23 Kamchatka - 8.14 	, 3•1,37 K1i*tchevskoi .232 5169 0.04 
2,2. 	1.05 N. Celebes 	, 90 . 	 8.14 17., 6.06 Soputan , 201 	, 509, , 	 0.39 
7.3 South of' Java .. 	90.,, 8.1 	, 	 , 26. 14.66 	, Kelud, .323 8307 0.04 
14.5.5.9 Kamchatka 	 60 	8.2 	6.10.66 Kliuchevskoj 420 	2710 	0.15 
30. 1.14 Axgentina . - 	 , 	 8.2 15. 944 Quizapu , 	 560, , 	 2143 	, 	, 2.41 
25. 5.43 E.of Philippine , - 	 84 1. 9.48 Catarman 1416 19214 0.22 
Is. 
'1.48 Panay - 	 8.3 1. 9.148 Catarman 330 220 1.50 
7.12.44 S. Honshu - 	 8.3 15. 9.52 Bayonnaise 438 2837 0.15 
Rooks . 	 . 
TABLE. 6 
SIGNIFICANCE OF CORRELATIONS BETWEEN EARTHQUAKES OF MAGNITUDE M 6 
AND VOLCANIC ERUPTIONS OF THERMAL ENERGY Eth3 24 ERGS 
Units Numbers Numbers Expected Observed Probability 
of of of number of number of 
Time- Earth- eruptions random of 2 chance Space quakes 11h 	
1024 corre- corre- c occurrence Region grid M8 ergs, lations.. lations. Significance 
Alaska - 26.4 10 .2 0.76 2 0.758 40% Nil 
Aleutian Is. 
Mexico 
Costa Rica 33.4 10 	. 1.20 2 0.07.7 78% Mi]. 
Caribbean loop 14.7 2 2 0.20 .. 	2 8.915 0.46% Significant 
Andean South 56.0 13 '6 1.39 4 3.263 7.5% Possibly 
America. .. .. Significant 
Japan - 59.8 19 
, 
5 1.60 4 2.319 13.6% Possibly 
Mariana Is. •. .,. 
•, 	 .. .. 
. .: 	 .. 	 ,. 	 .. Significant 
Kurile Is. - 17.6 8 5 2.27 5 2.327 13.6% Possibly 
New Hebrides 	18.6 	8 	2 	0 1 86 	3 	3.303 . 7.4% 	Possibly 
arc 	 . 	. Significant 
Greater Sunda 30.4 5 '4 0.66 4 8.366 0.59% Probably 
arc . . Significant 
(significant 
when sample size 
correction 
applied) 
Philippine Is. 10.6 5 2 0.54 3 7.505 0.79% Probably 
Significant 
Eastern 
Mediterranean 10,8 	.. 3 . 	 . 	 2 . 	 0.56 2 . 	 1.772 18.2% Nil? 
Celebes,Moluccas 35.2 	. 7 2 0.40 1 0.162 69% Nil 
Lesser Sunda arc 
TABLE 7 
INCIDENCE OF LARGE MAGNITUDE INTERMEDIATE FOCUS EARTHQUAKES (M6.9, h41-349 1ZM), 
1900-1968, BY TECTONIC REGION, SHOWING EXTENT OF CORRELATION WITH VOLCANISM 
1 	 12 
Remarks: Localities at 
Tectonic Region 2 3 	4 	5 	6 	7 	8 	9 	10 	11 	which a volcanià 
response occurred. 
Col. 2. = Total number of intermediate focus earthquakes (h41-349 Km) of magnitude M6.9 
within region. 
Co].. 3 : Number of those in column 2 within 100 Km epicentral distance (approximately) of 
an active or potentially active volcano. 	 - 
Col. 4 = Percentage column 3 of column 2. 
Col. 5 = Number of events in column 3 preceding significant eruptions at neighbouring 
volcanoes. 	 I 
Col. 6.: Number of events in column 3 following or accompanying significant eruptions at 
neighbouring volcanoes. 
Col. 7 : Number of events in column 3 both preceding and following or accompanying 
significant eruptions at neighbouring volcanoes. 
Col. 8 = Number of events in column 3 preceding or following or accompanying significant 
eruptions at neighbouring volcanoes (eruption dates uncertain). 
Col. 9 = Total number of events in column 3 associated with eruptions at neighbouring 
volcanoes. 
Col.lO : Percentage column 9 of column 3. 
Col.11.: Percentage column 9 of column 2. 
TABLE 7 (Cont'd.) 
1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	 12 
Alaska- 26 12 46% (5) 1 0 0 6 50% 23% I(atmai, Paviof, 
Aleutian Is. Akutan, Kiska and sub- 




West coast of 2 2 100% 0 0 0 0 0 0 0 
North America 
Mexico and San Salvador, Izalco,  
Guatemala to 36 16 44% (3) (2) (2) 0 7 44% 19% Acatenango, Santa 
Panama Maria, Fuego, Masaya, 
Cerro Negro, and Rin- 
con de la Vieja. 
Caribbean Loop 13 4 31% 0 1 0 0 1 25% Mt. Pelée. Non-correlation with 
Hodder ' s submarine 
volcano. 
Andean 78 24 31% (3) (3) U) (1) 8 33% 10% Tolima, Lascar, 
South America Sangay, San Pedro, . 
. Guallatiri, Isluga, 
Turitari and Puyehue. 
Scotia Arc 14 9 64% - (2) 0 2 4 44% 29% Mt. Darnley, Candlemas Island and Protector 
Shoal. 
New Zealand to Lake Taupo and
Waiotapu. Macguano Is. 6 2 33% 1 0 0. 0 1 50% 17% 
Fiji-Tonga- Submarine volcanoes  
Kermdec Is. 50 19 38%. (3) 1 1 0 5 26% 10% N.W. of Tongatapu, 3 Km S.E. of Honga- 
hapai, and 48 Km S.W. 
of Tongatapu, Tofua, 
Fonua].ei, Tincan Is. 
and Metis Shoal. 
TABLE 7 (Cont'd.) 
1 2 3 4 5 6 7 8 9 10 11 12 
New Hebrides Tinakula, Lopevi, 




Karua and N.E. of 
Eromanga, and Hunter 
Island. 
Bismarck and Pago, Ulawun, 
Solomon Is., 68 36 53% (2) (5) 0 2 9 25% 13% Tavurvur, Vulcan, 
New Guinea Bagana and submarine 
volcano N.N.E. of 
Karkar. 
Non-correlation with 
Lake Loloru, Long Is. 
Mt. Yelia and Walo. 
Caroline, Sin-Iwo-Zima and sub- 
Mariana and 29 7 24% 2 0 0 0 2 29% 7% marine volcano S.W. 
Bonin Is. of Saipan. 
Non-correlation with 
submarine volcanoes 
48 Km. N.W. of Tinian 
and 2 Km N.W. of 
Kita-Iwo-Zima. 
Hokkaido and osnima, Omuroyania,  
Honshu Arcs 	43 14 	33% (6) (2) 	1 	0 	9 	64% 21% Flakone, Tarumai,Meakan, Kurikoma, Zao 




TABLE 7 (Cont'd.) 
1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	 12 
Kurile- 	 Xsudach,Gorely Ehrebet, 
Kamchat3ca 	50 	37 	74% (15) (6) 	0 	0 	21 	57% 	42% Mutnovsky,Chikurachki, 







Kudriavy and Baransky. 
Non-correlation with 
Opala,Khodukta, sub-
marine volcano S. of 
Kantchatka, Baken in , Nemo 
Peak 1 Sinarka and Ekarma. 
Kyushu- 	 Sakuraj ima ,Kirishima 
Ryukyu- and Suwanosejima. 
Taiwan 	18 	12 	67% 	3 	1 	0 	0 	4 	33% 22% Non-correlation with 
Arcs submarine volcano N.E. 
of N. point of Taiwan. - 
Philippine 
Islands 	14 	6 	43% 	0 	0 
Celebes, 	 Peak of Ternate, Ibu, 
Moluccas, Gainkonora,Nila,Lokon- 
Lesser 	42 	23 	55% 	4 	0 	(1) 	0 	5 	22% 	12% 	Empung,Ili Boleng and 
Sunda Arc Ili Werung. 
Non-correlation with 
Teon ,Tongkoko , Klabat, 
Mahawu,Sirung,Lewotolo 
and Una Una. 
Greater Sunda 	 Kaba,Dempo and Bur-Ni- 





TABLE 7 (Cont'd.) 
1 	.2 34 5 6 7 8 9 10 11 	 12 
Burma- 
Himalaya- 
Afghanistan 26 1 £4 0 0 0 0 0 0 0 
Arc 	India 
China-S.E. Asia- 
E. U.S.S.R. 3 0 0 0 0 0 0 0 0 0 
South-Central 
Aa,Iran 3 0 0 0. 0 0 0 0 0 0 
Ba1kans 	East 
Me!tterranean, 	 Non-correlation with 
Middle Eaet 9 	3 33% 0 	0 	0 	0 	0 	0 	0 	Santorini. 
Atlantic and 
Central. Arctic 
Oceans 8 00 0 0 0 0 0 0 0 
IndianOcean 4 0 0 00 0 0 0 0 0 
Pacific Ocean S 1 20% 0 (0) 0 - 0 0 0 0 
East and Central 
North Mierica 1 0 0 	. 0 0 0. 0 0 0 0 
Autra1ia 1 0 0 0 0 0 0 0 0 0 




























MAGNITUDE INTERNEDES (H k 6.9, Ii = 141 -- 349 Kin) 
IN RELATION TO NEIGHBOURING VOLCANOES 	 Kin) AT WHICH AN APPARENT RESPONSE OCCURRED 
1 	 2 	 3 	 4 	 5 	 8 	 9 	 10 	 11 
PERCENTAGE REMARKS: OTHER EARTH-
COt. 10 QUAKES, AT EPICENTRAI 
	
OF 	DISTANCES > 100 KM, 
COL. 2 APPARENTLY ASSOCIATEI 




- 	 1 	 1 	 100% 	2.6.03 9 h=100 9 M=8.3 1 
Katmai 	 100% 	
D180 Kin, probable 
precursor of great 
eruption 6.6.12. 
5.12.12, h=90, M=7.0 9 
D140 Kin, probable 
terminator of the 
6.6.12 eruption. 
Pavlov 	 (17) 	 1 	 - 	 1 	1 	 100% 	1 	 (6%) 
Akutan 	 (7) 	 1 	 1 	 - 	 1 	 100% 	1 	 (14%) 
Kiska & 2 2 100% 	2 40% 
SuDmarlfle 	 1 	 50% 	1  volcano (1) 	 2 	 1 	 - near Anilia 
Santa Maria 	(6) 	 3 	 2 	 2 	 67% 	 12 	 (331) 
Acatenango 	 1 	 4 	 2 	 - 	 2 	 5()% 	1 	 100% 
San Salvador 	1 1 1 'I 100% 	1 100% 
Izalco (14) 1 - 1 1 100% 1 	- (7%) 
Fuego 11 '4 1 1 	- 2 50% 2 18% 
Masaya 5 3 - 2 2 67% 2 40% 
CerroNegro 8 2 1 - 1 50% 1 12% 
Rincon de la 2 - i 1 50% 1 (20%) Vieja  
Mt. Pe1e 2 3 - 1 1 33% 1 50% Great eruption. 
Tolima 2 1 3. - 2. 100% 1 50% 
Lascar 5 2 3. 1 2 100% 2 40% 25.10.33 0 	11=220 1 , 
H a 7.0, D = 	120 Kin, 










H i 6.9 
WITHIN 










IN COt. 3 
d.) 
1 2 3 




with eruption in 193 
14 . 4 .51,h250,M7.0, 
D300 Km, possibly 
- associated with 
eruption in 1951. 
1 14.6.59,h100,M:7.5 
4 D x 350 Km, possible 
precursor of eruption 
November 1959. 
Sangay (11) 1 1 - 1 100% 1 (9%) 
San Pedro 3 4 1 - 1 25% 1 33% 
Guallatiri 3 1 - 1 1 100% 1 33% 
Isluga 1 3 - 1 1 33% 1 100% 




100% 1 25% 
1 
2 67% 2 50% 8.9.37,h13O,M7,2, Mt Darriley D250 Km, possible 
terminator of 
Dec. 1936 eruption, 
Candlemas Is. 2 3 - - 1 33% 1 50% 
Protector Shoal 1 1 - 1 1 100% 1 100% 8.9.61 9h103 9M7.7 9  
D120 Krn, probable 
precursor of erup- 
tiori 	5.3.62. 
Lake Taupo 2 1 1 - 1 100% 1 50% 
Waiotapu 1 1 	 1 	 - 1 100% 1 100% 
Submarine 
volcano 	i-:.?. 1 1 
of Tongatapu 2 2 
Submarine 
volcano 3 Km 
S.E. of 
2 
50% 1 50% flongahapai 2 
Submarine 
volcano 48 Km 
S.W. of 1 33% 1 sot 	Dubious Tongatapu 2 3 
Tofua 2 1 	 1 	 - 1 100% 1 50% 
ronualei 	 1 	 3 	 1 	 - 	 1 	 33% 	 1 	 100% 
Ambrym 	 (19) 	11 	 4 
-, - 	 •' 	 - - 	 -.--, -. - 	 --- --.--.-.---- - - 
---• -- -------,-- -____-,-- --!-_ - - -. - 	 - 	 --,-----.. 	- 
1 2 3 4 5 8 9 10 11 12 
Tincan Island 6 1 	 - 	 1 1 100% 1 17% 28.11.46 9h=290 9M=6.9 9 
(Nivafoou) D365 Km, possibly 
associated with erup- 
tion which began 9.9.4 
and climaxed in Dec 
3 	 1 	
- 
1946 
Metis Shoal 1 1 100% 1 100% Dubious 
Tinakula (4) 3 	 2 	 (1) (3) (100%) (3) 
The terminator is 
dubious. 
Lopevi (9) 8 	 3 	 - 3 38% 3 (33%) 1.5.63,h:13'4 Km,M=7.0, D:305 Kin, possibly 
precursor of eruption 
of 7.7.63 
5 	 5% 	 4 	 (21%) 	.Lb.b.,11iUO,I18.b, D345 Kin, possible 
precursor of great 
eruption of 6.12.13. 
l4.10.13,h=230,M=8 .1, 
D370 Kin, possible 
precursor of great 
eruption of 6.12.13. 
29.1.42 ,h=130,M=7.l, 
D=325 Km, possible 
precursor of June 
1942 eruption. 
2.12 .50,h=60,M=8 .1, 
D235 Kin, triggered 
great eruption of 
6.12.50, for which 




D285 Kin, possible 
precursor of 10.8.52 
eruption. 
23.7.61,h4'4 Km,M7.6, 
D255 Kin, possible 
precursor of 9.1.62 
eruption. 
1.5.63,h=134 Km,M=7.0, 
D340 Kin, possibly 
associated with 
eruption which began 
15.4.63 
t'd.) 
1 2 3 4 5 8 9 10 11 12 
Karua (7) 8 1 1 2 25% 2 (29%) 23.7.49,h150 9M7.2 9 
(submarine Drn245 Kin, 	possibly 
volcano) precursor of October 
1949 eruption, or 
associated with the 
lesser April 1949 
eruption. 
Submarine volcano (4) 8 1 - 1 12% 1 (25%) E.ofEpi 
Pago (2) 5 - - 1 20% 2 (100%) 
1 17% 1 (17%) 
23.9.370h60,M=7.4, 	- 
Ulawun (6) 6 1 - D=115 Km, possibly 
associated with 
eruption in 1937. 
Tavurvur 2 3 - 1 1 33% 1 50% 
23,9.37,}60,M7.4, 
D132 Km, possibly 
and Vulcan associated with 
eruption of 29.5.37 	- 
Bagana (14) 6 1 4 5 83% 4 (29%) 
Submarine volcano (2) 1 - - 1 100% 1 (50%) N.N.E. of Karkar 
Sin-Iwo-Zima 3 1 1 	 - 1 100% 1 33% 
Submarine volcano 1 1 1 1 100% 1 100%  S.W. of Saipan 
Oshima (15) 3 1 	 1 2 67% 2 (13%) 
Omuroyama 1 2 1 	 - 1 50% 1 100% 
Hakone (10) 2 (2) 	 - (2) (100%) (2) (20%) 1 precursor is dubiou 
Tarumai (13) 2 - 	 1 1 50% 1 (8%) 
Meakan g 1 - 	 - 1 100% 2 22% 
Kurikcma 2 2 (2) 	 - (2) (100%) 1 50% Both dubious 
Zao Group 3 1 1 	 - 1 100% 
I 33% 
Azuma 1 1 1 1 100% 1 100% 
Ksudach 1 6 - 	 (2) (2) (33%) 1 100% 




TABLE -8 (Cont'd.) 
1 2 3 4 5 6 	 7 	 8 9 10 11 12 
Gorely 
Khrebet 2 3 1 - - 	 - 	 1 33% 1 50% 
Mutnovsky (8) 3 1 - - 	 - 	 1 33% 1 (13%) 
Chikurachki 14 5 14 - - 	 14 80% 2 50% 
Zheltovsky 1 4 1 - - 	 - 	 1 25% 1 100% 
Karymsky (31) 2 1 1 - 	 - 	 2 100% 1 (3%) 28.10.600h=118,M=7.0, D300 Kin, possibly 
associated with 
eruption of October 
1960 
Goriaschaia 2 2 1 - Sopka  - 	 - 	 1 50% 1 50% 
Zavaritzki 2 2 (1) - (1) 	(2) (100%) 1 50% Dubious as year of 
Caldera eruption is uncertain 
it occurred between 
1916 and 1931 
Pallas 1 1 1 - - 	 1 100% 1 100% 
Atsonopuri (1) 5 (3) - - 	 - 	 (3) (60%) (1) (100%) Dubious eruption 
Severgin 1 5 1 - - 	 - 	 1 20% 1 100% 
Makanrushi 1 2 1 - - 	 - 	 1 50% 1 100% 
Asyrinintar 1 2 1 - - 	 - 	 1 50% 1 100% 
a 
Sarychev Peak 6 2 - 2 - 	 - 	 2 100% 1 17% 
Berg 1 3 1 1 - 	 - 	 2 67% 1 100% 
Ebeko 2 7 (1) - - 	 - 	 (1) (14%) (1) (50%) Dubious association 
Kudriavy 1 2 (1) - 	 (1) (50%) (1) (100%) Dubious association 
Baransky (1) 14 - (1) - 	 - 	 (1) (25%) (1) (100%) Dubious eruption and 
association 
Sakurajima (15) 3 2 1 - 	 - 	 3 100% 2 (13%) 1 precursor and the terminator are associ 
ated with great 
eruption_of_12.1.14 
Kirishima 8 3 1 1 - 	 - 	 2 67% 1 12% 
Suwanosejiina 11 1 1 - - 	 - 	 1 100% 1 9% 
3'1. -- 
TABL! 8(Cont'd.) 
1 2 3 4 	 5 	 6 7 	 8 9 10 11 	 12 
Peak of 
Ternate 
8 2 (2) 	 - 	 - - 	 (2) (100%) (2) (25%) 	1 precursor is 
dubious 
Ibu 1 2 1 	 - - 	 1 50% 1 100% 
Gamkcnora 3 2 - 	 1 - 	 1 50% 1 33% 
Nila 2 4 1 	 - 	 - - 	 1 25% 1 50% 
Lokon- 
Empung 
4 1 1 	 - 	 - - 	 1 100% 1 25% 
Iii Bo].eng 9 1 1 	 - 	 - - 	 1 100% 1 11% 
Iii Werung 3 1 1 	 - 	 - - 	 1 100% 1 33% 
Kaba 2 3 1 	 - 	 - - 	 1 33% 1 50% 
Dempo (10) 1 1 	 - 	 - - 	 1 100% 1 10% 
Bur-Ni- 
Telong 
1 1 1 	 - 	 - - 	 1 100% 1 100% 
TOTALS 	 411 	 230 	 78 	 36 	 2 	 6 	122 	 53% 	109 	 27% 
TABLE 9 
EXTENT OF VOLCANIC RESPONSE AT GROUPS OF VOLCANOES, TO LARGE MAGNITUDE 
INTERMEDIATE FOCUS EARTHQUAKES (M.6.9, h:41_349 KM) WITHIN 100 IGI EPICENTRAL DISTANCE 
Ccl. 1 = Group of volcanoes. 
Col. 2 = Number of significant eruptions or volcanic events since 1900, at any of the 
volcanoes of the group. 
Col. 3 = Number of intermediate earthquakes N 	6.9 9 within 100 Km epicentral distance of 
any of the volcanoes of the group. 
Ccl. I 	= Number of events in Col. 3 preceding a significant eruption or volcanic event at 
any volcano of the group. 
Col. 5 = Number of events in Col. 3 accompanying or following a significant eruption or 
volcanic event at any volcano of the group. 
Col. 6 = Number of events in Col. 3 both preceding and accompanying or following significant eruptions or volcanic events at any volcano of the group. 
Ccl. 7 = Number of events in Ccl. 3 preceding or accompanying or following significant 
eruption or volcanic events at any volcano of the group. 
Col. 8 = Total number of events in Col. 3 associated with significant eruptions or volcanic 
events in the group. 
Col. 9 = Percentage, Column 8 of Column 3. 
Col.10 = Number of significant eruptions or volcanic events associated with events in Column 3. 
Col.11 = Percentage, Column 10 of Column 2. 
Col.12 = Remarks: volcanoes with known activity in the group. 
TABLE 9 (Cont'd) 
EXTENT OF VOLCANIC RESPONSE AT GROUPS OF VOLCANOES TO LARGE MAGNITUDE 
INTERMEDIATE FOCUS EARTHQUAKES (M6.9,. h41-349 KM) WITHIN 100 KM EPXCENTRAL DISTANCE 
1 2 3 	4 5 	6 	7 8 9 10 U 12 
Southern 
. Santa Maria, 
Guatemala (18) 4 	3 1- 	- 4 100% 4 (22%) Acatenango, ruego 
Atitlan & Cerro 
Quemado. 
Nicaragua 18 4 	- 1 	1 	- 2 50% '3 17% Masaya, Cerro 
Negro, El Viejo, 
Las Pilas, Mombacho, 
Telica, Momotombo & 
Chichigalpa. 




South Sandwich 6 6 	- 1 	- 	 2 3 50% 3 50% Mt.Darnley, 
Islands, . Caxidlemas Is land & 
Central group .. Mt. Michael 
Tongatapu 12 3 	- - 	 I 1 33% 3 25% Falcon Island, 
Group, Tonga Submarine volcano NW 
of Tongatapu, submar- 
ine volcano 3 Km SE 
of Hongahapai, sub- 
marine volcano £8 Km 
SW of Tongatapu, & 
submarine volcano 27 
Km NW of Nivaunofu. 
Vava'u Group, 4 6 	3 - 	 - 	 - 3 50% 3 '75% Tofua, Fonualej, 
Tonga Metis Shoal, Late & 
Home Reef. 
/Cont 'd. 
TABLE 9 (Cont'd) 
EXTENT OF VOLCANIC RESPONSE AT GROUPS OF VOLCANOES, TO LARGE MAGNITUDE 
INTERMEDIATE FOCUS EARTHQUAKES (N6.9 5 h:41349 1(11) WITHIN 100 KM EPICENTRAL DISTANCE 
1 	2 	3 	4 	5 	6 	7 	8 	9 	10 	11 	 12 
New Hebrides, (39) 11 8 	1 	1 - 	10 91% 11 (28%) Mibrym, Lopevi, 
Aibryin-Centra1 submarine volcano 
Islands group E. of Epi & Karua. 
North-east (11) 11 1 	1 	1 - 	3 27% 5 (45%) Vulcan, Tavurvur, 
New Britain Ulawun, Lolobau & 
- Pago. 
Izu Peninsula (28) 3 (1) 	1 	1 	- (3) (100%) 4 (14%) Huzi, Hakone, 
and Izu Omuroyana, Oshima, 
Is].ands D Honshu Niizima, Kozushima 
and Miyakejima. 
iliyagi and 7 3 2 	- 	- 	- 2 75% 3 43% Tyokai, Kurikoma, 
Yamagata Zao group, Azuma, 
Prefectures, Adatara & 
Honshu. Bandaisan. (The 3 d 
earthquake in column 
3 was a possible, 
but improbable, 
precursor also). 
Southern (13) 8 2 	1 	- 	- 3 37% 13 (31%) Koshelev, Opa].a, 




Northern 14 12 (6) 	- 	- 	- (6) (50%) 6 43% Chikurachki, Ebeko, 
Kurile Severgin ,Asyrmintar, 
Islands Makanrushi, Ekarina, 
Kuntomintar, 
Krenitzyn Peak, Memo 
Peak, Fuss Peak, 
Chirinkotan, Sinarka, 
Karpinsky Caldera & 
Tatarinov. 
TABLE 9 (Cont'd) 
EXTENT OF VOLcANIC RESPONSE AT GROUPS OF VOLCANOES, TO LARGE MAGNITUDE 
INTERNEDIATE FOCUS EARTHQUAKES (N6.9, h=41349 1(N) WITHIN 100 KM EPICENTRAL DISTANCE 
1 	2 	3 	45 	6 7 	8 	91011 	 12 







volcano E. of Matua, 
Snow, & Ushishir 
Caldera. 
Southern Kurile 	(4) 	14 	(4) 	(2) (6) 	(43%) 	4 	(100%) Atsonopuri,Baransky, 
Islands Kudriavy, Berg, 
Tiatia, Chirip & 
Kolokol. 
	
Southern 	(23) 	3 	2 	1 	 3 	100% 	3 	(13%) Sakur'ajimci, 
_jçyushu Kirishirna & Kaimon. 
Northern 	 Peak of Ternate, Ibu, 
Halmahera 16 	3 	1 	(1) 	 (2) (67%) (4) (25%) Gamkonora,Malupang 
Warirang & Dukono, 
TOTALS 	232 	100 	37 	13 	6 	2 	58 	58% 	67 	29% 
TABLE 10 
SUMMARY OF PTIONSHIPS BETWEEN LARGE MAGNITUDE INTERMEDIATE FOCUS EARThQUAKES 
•(M6.9) AND SIGNIFICANT ERUPTIONS WITHIN 100 }G1 EPICENTRAL DISTANCE, BY TECTONIC REGION 
NUMBER OF IMTEDIATE F0US EARTHQUANES 	7 8 9 10 11 12 
(M6.9 9 h=41-349 KM) WITHIN 100 
EPICENTRAL DISTANCE OF:. 
(Figures in brackets show the altered 	 26 o 
totals after subtracting volcanoes which 
have not shown historic activity from • + • 
the list of potentially active centres.) CD 




A A More More 	More 4J o 
4J Wr4 
0 
Region 	single 	single 	than 	than than 3 volcano volcano one one 	one 
at 	at 	vo1c.no, volcano, volcano, . 
which a 	which at only 	at more 	at none 
response no 	one of than one of which 0 • 
Occurred response which a 	of which 	did a p p 
occurrect response a 	response 
occurred response 	occur 
occurred 
A1aska 
A1eutin 	1 2 (1) 	5 	- 	4 12 8% 42% 33% 56% 50% 
Islands 
.. 	 ., (11) (9%) (45%) (50%) (55%) 
West coast 
of North 2 	 - 2 - - - - - 
America 
Mecico 
to 	(1) 3 	. 	3 	(2) 	4 	6 	(4) 16 - 40 ' 54% 144% 
Panama (14). (7%) (143%) (25%)(60%) (50%). 
Caribbean 	(1) - 	1 () 	 3 14 - 25% - 25% 25% 
Loop 
-. 	 ., (25%) (-) 	..(100%) C-) 
/Contvd. 
TABLE 10 (Cont'd) 
SUMMARY OF RELATIONSHIPS BETWEEN LARGE MAGNITUDE I1EATE FOCUS EART1QUAKES 
(M6.9) AND SIGNIFICANT ERUPTIONS WITHIN 100 11 EPICENTRAL DISTANCE, BY TECTQN]CREGIQN 
1 2 3 14 & 6 7 8 12_ 
Andean 
South 2 (3) 5 	(12) 5 (14) 1 11 (3) 24 8% 25% 29% 35% 33% 
America (23) (13%) (22%) (20%) (62%)(35%) 
Scotia - (2) 1 14 (2) - 4 (2) 9 - 145% - 50% 414% 





Island -  1 - 1 - 2 - 50% - 100% 5 
Fiji- 
Tonga- 
Kermadec 3 3 	(4) 1 1 11 (10) 19 16% 10% 50% 15% 26% 
Islands . ...• (43%) (17%) 
New 
Hebrides 3 (5) 17 (24) 8 (6) 1 20 (9) 49 6% 18% 15% 31% 214% 





New 2 (8) 14 7 (1) - 13 (5) 36 6% 19% 12% 35% 25% 
Guinea (29),,, (29%) (k%) (36%) (17%) (32%) 
Caroline, 
Mariana 
and Bonin - (1) - 2 (1) - 5 7 - 29% - 29% 29% 
Islands S (114%) (114%) (100%) (17%) 
/Cont'd. 
TABLE 10 (Cont'd) 
SUMMARY OF RELATIONSFIIPS DETWEEN LARGE MAGNITUDE INTERNEDIATE FOCUS EARTHQUAKES 
(M6.9) AND SIGNIFICANT RUP-1 1f 0-r,JS WITHIN 1OQ. KM EPICENTRAL DISTANCE 1  BY TECTONIC., REGION 
Hokkaido 
and 









Kamchatka 	- 14 	 16 14 	13 	(11) 	37 
(35) 
- 	 54% 
(57%) 







Taiwan 	1 	5 (6) 	1 	 2 	3 (2) 	12 	8% 	
25% 	17% 	50% 	25% 	c 
Arcs 
S 	 (14%) (60%) 
Philippine - 	4 C-) 	- 	 - 	2 (1) 	6 	- 	- 	- 	- 	- 
Islands... S.. 	 (1). 
Celebes, 
Moluccas, 
Lesser 	- 	12 (9) 	2 3 	6 	(4) (18) 
- 	 22% 
(28%) 




Sunda 	- (1) 	2 (3) 	1  8 	(5) 	12 (10) 
- 	 17% 
(10%) 	(10%) 
- 	 20% 	17% 





stan Arc, 	- 	 1 	- - 	 - 	 .1 - 	 - - 	 - - 
India 
I Cont'd. 
TABLE 10 (Cont'd) 
SUMMARY OF RELATIONSHIPS BETWEEN LARGE MAGNITUDE INTERMEDIE FOCUS EARTHQUAKES 
(M6 .9) AND SIGNIFICANT ERUPTIONS WITHIN 100 KM EPICENTRAL DISTANCE, BY TECTONIC REGION 




ranean, 	 , 
Middle 
East, 	- 	1 (3) 	- 	-, 	2(-) 	3  
Pacific 
Ocean  
TOTALS 	13 (29) 82 (92) 60 (44) 20 (20) 114 (71) 289 	5% 	28% 	14% 	41% 	32% 
(256) (11%) (25%) (24%) (48%)  (36%) 
TABLE 11 
SIGNIFICANCE OF APPARENT CORRELATIC MAGNITUDE INTERMEDIATE 

















0.2 1 0.424 52% 
2.3 2 0.043 82% 
3.4 2 0.076 79% 
4.1 2 1.939 17% 
2.3 2 0.043 82% 
2.7 2 0.061 81% 
2.7 3 0.061 81% 
9.0 3 3.360 7% 
19.0 
	















Corre lat ions 





2 	of 	Positive 




Footnote:- Yates' correction equates these two results. Without the correction Mt.Darnley 
yieldsX2= 0.615 (45% probability due to chance) and TinakulaX 2 = 0.084 (78 94 
probability due to chance. 
Footnote:- negative correlation 
/ Cont' d. 
TABLE 11. (Cont'd.) 
SIGNIFICANCE OF APPARENT CORRELATIONS BETWEEN LARGE MAGNITUDE INTERMEDIATE 
1 2 3 4 6 	 .7 
Karua 8.0 2 3.795 7% - Possibly 
significant** 
Submarine volcano, Highly 
Epi 7.2 1 45.115 40.1% - 	significant** 
Pago 2.3 2 0.043 82% - Ni]. 
Ulawun 6.0 1 3.380 7% - 	Possibly 
significant* 
Tavurvur & Vulcan 1.4 1 0.026 88% - 	Nil 
Bagana 	. 14.0 5. 5.175 2.5% - Probably 	Cn 
significant** 	H 
Oshima 10.2 2 18.270 <0.1% -. 	Significant ** 
Kurikoma 0.9 	. 2 0.594 46% + Nil 
Ksudach 1.4 2 0.186 89% + 	Nil 
Chikurachki 4.5 4 0.010 92% - Nil 
Zavaritzki 
Caldera 0.9 2 0.594 46% + 	Nil 
Atsonopuri 1.1 3 2.133 15% + Nil? 
Makanrushi 0.5 1 0.060 81% + 	Ji1 
Sarychev Peak 2.7 2 0.030 87% - Ni]. 
Sakurajinia 10.2 3 13.770 <0.1% - 	Significant** 
Kirishiina 5.4 2 4.833 3.1% - Probably 
significant** 
Peak of Ternate 3.6 2 0.633 44% - 	Nil 
Gamkonora 1.4 1 0.026 88% - Nil 
** Footnote: 	negative correlation /Cont 1 d. 
TABLE 11 (Cont'd.) 
SIGNIFICANCE OF APPARENT CORRELATIONS BETWEEN LARGE MAGNITUDE INTERMEDIATE 




Guatemala 12.5 4 16.740 <0.1% - 	Sigflifica.flt** 
Nicaragua 6.6 3 2.275 14% - 	Possibly 	** 
East of Lake significant 
Atacama 2.6 3 0.549 47% + 	Nil 
Scotia arc, 
Central Is, 3.2 3 0.049 83% - 	Nil 
Tongatapu Group 3.9 3 0.058 81% 
r..) 
- Nil 
Va'u Group 1.9 3 0.287 61% + 	Nil 
New Hebrides, 
Central Is. 39.0 11 19.400 <0.1% - 	Significant** 
North—east New 
Britain 6.9 5 0.796 39% - 	Nil 
Izuls. — 
S.Honshu 7.4 4 1.547 22% - 	Nil 
Miyagi - 
Yamagata 2.1 3 0.073 79% + 	Nil 
Southern 
Kamchatka 6.8 4 1.604 21% - 	Nil 
Northern Kurile 
Is. 7.1 6 0.090 77% - 	Nil 
/Cont'd. 
**Footnote: negative correlation 
TABLE 11 (Cont'd.) 
SIGNIFICANCE OF APPARENT CORRELATIONS BETWEEN LARGE MAGNITUDE INTERNEDIATE 
FOCUS EARThQUAKES (M6.9) AND SIGNIFICANT VOLCANIC ERUPTIONS AT EPICENTRAL 
1 2 3 14 5 	 6 7 
Central Kurile Is. 3.5 14 0.024 88% + Nil 
Southern Kurile Is. 2.4 6 4.834 3.1% 	+ Probably 
significant. 
Southern Kyushu 8.8 3 5.125 2.5% 	- Probably 
significant. 
Northern 
Halmahera 4.6 4 0.004 95% - 	 Nil 
Regions 
Alaska-Aleutian 
Is. 10.3 6 1.740 19% - 	 Nil? 
Mexico-Costa Rica 16.6 11 1.888 18% - 	 Nil? 
Caribbean Loop 1.1 2 0.234 6 14% + Nil 
Andean South 
America 9.2 9 0.012 92% - 	 Nil 
Scotia arc 4.6 14 0.013 91% - 	 Nil 
New Zealand 2.5 2 0.002 97% - 	 Nil 
Tonga-Kermadec Is. 8.5 7 0.173 19% - 	 Nil? 
New Hebrides arc 48.0 13 24.800 40.1% - 	 Highly 	** 
significant. 
Solomon Is. - 
New Guinea 	19.1 	 9 	 8.225 	0.6% 	- 	Probab1y* 
significant. 
Mariaria-Bonin Is. 	2.1 	 2 	0.120 	73% 	- 	NI]. 
/Cont'd. 
Footnote: negative correlation 
ffl 
TABLE 11 (Cont'd.) 
SI GNI Fl CANCE OF APPARENT CORRE LATI ONS BETWEEN LARGE MAGNITUDE INTERNEDIATE 
rocus EARTHQUAKES (N6.9) AND SIGNIFICANT VOLCANIC ERUPI'IONS AT EPICENTRAL 
1 2 3 4 5 	6 7 
Hokkaido-Horishu 
arcs 16.4 11 1.955 17% 	- Nil? 
Kurile Is.- 74.9 21 352.100 40.1% - Highly 
Kamchatka significant* 
Kyushu-Ryukyu Is. 11.3 4 4.095 1.6% 	- Probably 
significant* 
Celebes-Lesser 14.5 8 3.143 8% 	- Possibly 
Sunda arc significant* 
Greater Sunda arc 7.9 3 2.859 9% 	- Possibly 
significant 
World 	 162 	 109 	22.410 	to.l% 	
- 	 1ghh1y 
significant* 
Special relationships 
New Hebrides, 	) 
Central Is.; ) 
precursor earth-) 	1.4 	 5 	8.058 	0.7% 	+ 	Probably 
quakes within 	) significant 
150 days of ) 
eruption. 	) 
S. Kyushu-N. ) 
Ryukyu Is.; 	) 
precursor earth- ) 
quakes within 	) 0.2 	 3 	24.360 	40.1% 	+ 	Highly 
4j years of ) 	 significant 
eruption. 	) 
Kurile Is.; pre- 	) 
cursor earth- ) 2.1 	11 	27.910 	40.1% 	+ 	Highly 
quakes within 10 ) 	 significant 
years of eruption.)  
*Footnote: negative correlation 
TABLE 12 
POSSIBLE CORRELATIONS OF SEISMIC AND VOLCANIC EVENTS WITH LARGE MAGNITUDE DEEP 
7- 11 ,-T TO VAMUnI T AVV0 I'M.7 •)"t. 	AT! VMI'tJ! T\t'tD tA(TTQ rAT.I('TTAV 
Depth Possible correlations 
Date of Magni- of Region which can be inferred 
No. deep tude Location Focus Number Region with other earthquakes 
Earthquake N (1(m) or volcanic events. 
21.1.06 8.4 34N 	138E (350) 230 Near south 10 days before 14:8.9 earth- 
coast of quake off coast of 
Honshu Ecuador. 
2 16.14.37 8.1 21.55 	177 1.1 400 172 West of solomon Islands earthquakes 
Tonga 11:7.9 9 	30.1.39, 	and 14:8.1, 
30.4.39 
3 4.1.03 800 2CS 	175W 400 173 Tonga South Pacific Ocean, 14:7,0, 
and Phoeni.x Islands, 14:7.6, 
earthquakes June 1905: 
eruption of Mtavanu, 
Samoa, 4.8.05. 
14 7.6.04 7.9 4CM 	134E 350 660 Sea of 18 days before 14:8.3 and 8.1 
Japan earthquakes off coast of 
Kamchatka. 
5 2.577 7.9 51.514 147E 600 663 Sea of 2 months after beginning of 
Okhotsk great eruption of Ksudach, 
15.3.07  
6 22.279 7.9 185 	179W 550 172 West of 2 flionths beo 	earthquakes, 
Tonga Ellice Islands, M:7,3 
10.4.09 & Caroline Islands, 
7.3 1, 	27.4.09. 	16 months 
before New Hebrides earth- 
c'uake, 148.6 2 	16.6.10. 
7 18.12.21 7.9 2.5S 	71W 650 111 Northern 3 	years after Tungurahua 
PerU eruption, 5.4.18: 6 weeks 
tefore earthquake, Californ- 
ia, .1:7.3, 	31.1.22: 	11 
roriths befàre earthquake, 
(iile, 	14:8. 14 1, 	 11.11.22. 
/Cont'd. 
TABLE 12 (Cont'd.) 
POSSIBLE CORRELATIONS OF SEISMIC AND VOLCANIC EVENTS WITH LARGE MAGNITUDE DEEP 
Depth Possible correlations 
Date of Magni- of Region which can be inferred 
deep tude Focus Number with other earthquakes 
No. Earthquake M Location (1(m) Region or volcanic events. 
8 26.5.32 7.9 25.5S 179.2E 600 171 South of New Zealand, M7.5, 
Fiji 5.3.34: Santa Cruz Is., 
M:8.2, 	18.7.34. 
9 28.2.50 7.9 46N 	144E (50) 663 Sea of Earthquakes, 1(amchatka, 
Okhotsk M8.2 	& 8.4 0 	4.11.52: 
great eruption of 
Bezymianny, 30.3.56. 
10 31.1.18 7.7 457N 135E (350) 661 Near East 1 year after earthquake, 
coast of Kamchatka, M8.1,30.1.17: 	a) 
E.Russia 7 months before Kurile Is. 
earthquake, M:8.3,7.9.18. 
11 18.2.56 7.7 30N 	137.5E 480 211 South of 1 month before great 
Honshu eruption of Bezymianny, 
30.3.56 
12 15.8.63 7.7 13.8S 69.3W 543 118 Peru- Earthquake, M.S. Alaska, 
Bolivian 28.3.64 
Border 
13 17.1.22 7.6 2.5S 	71W 650 111 Northern Earthquakes, California, 
Peru M7.3, 	31.1.22; Chile, 
M=8.4 2 	11.11.22. 
14 7.12.12 7.5 29S 	62.5W 620 132 Santiago Earthquake, Argentina, 
del Estero M:8.2, 	30.1.14. 
Province, 
Argentina. 
15 21.6.16 7.5 28.5S 63W 600 132 - ditto - Great eruption of Tungura- 
hua, Ecuador, 5.4.18. 
16 31.7.17 7.5 42.5N 131E 460 657 •E.Russia- Earthquake,.Taiwan, M:7.7, 
N.E.China 4.7.17: earthquake, Kurile 
border. Is., M8.3,7.9.18. 
/ Cont'd. 
TABLE 12 (Cont'd.) 
POSSIBLE CORFELATIONS OF SEISMIC AND VOLCANIC EVENTS WITH LARGE MAGNITUDE DEE 
Depth 	 Possible correlations 
Date of 	Magni- 	 of Region 	 which can be inferred 
deep tude Focus Number with other earthquakes 
No. Earthquake 	N 	Location 	(1(m) 	 Region or volcanic events. 
- - 	 - 	 - - - - - 	 -. 	 - - 	
-J - , 	 L 
regon 14:8.0, 	14,4.57 
18 	16.4.57 7.5 	4.79 	107.2E 546 	275 	Java Sea 2 days after Tonga 
earthquake 1 M:8.O. 
19 	28.9.57 7,5 	20.5S 178.5W 549 	172 	West of Earthquakes, Tonga, M8.0 
Tonga 14.4.57: Norfolk Island, 
14=6.6 2 	20.5.60. 
20 	20.7.5 7.5 	13.3S 69.5W 610 	118 	Peru- 16 days after Alaska 
Bolivia earthquake, 14:7.9: earth- 	Cn 
border quakes, Wyoming, M:7 • 5 
18.8.59: 	Chile, 14=8.5, 
22.5.60 
21 	31.8.61 7.5 	10.35 70.9W 614 	112 	Peru- Earthquakes, Puerto Rico, 
Brazil 14:7.1, 	3.8.61: South Sand- 
border wich Is., M:75, 	1.9.61, 
22 	26.4.62 7.5 	17,8S 178.8W 552 	172 	West of 
and 11:7.7, 	8.9.61 
 
Tonga 
23 	12.2.10 7.4 32.5N 138E 350 	211 	South of 2 months after earthquake, 
Honshu S. of Nariana Is., 147,4, 
9.12.09 
24 	20.2.31 7.4 44.3N 135.5E 350 	661 	Near East 6 months before earthquake, 
Coast of USSR-China border, M:8.0, 
E.Rusia 10.8.31 
25 	18.6.61 7.4 31.55 179.7E 406 	177 	Kermadec Raoul Island eruption, 
Is. reion 10.11.64 
6.9.11 7.3 4614 	143E 350 	662 	Sakhalin 
Island 
TABLE 12 (Cont'd.) 
POSSIBLE CORRELATIONS OF SIS•1IC AND VOLCANIC EVENTS WITH LARGE MAGNITUDE DEEP 
FOCUS 	 ALL KNOWN DEEP FOcTHQUAKES 
ABOVE THIS MAGNITUDE LEVEL ARE LISE 
Depth Possible correlations 
Date of Magni- of Re ion which can be inferred deep tude Focus NUIber with other earthquakes No, Earthquake M Location (Kri) Region or volcanic events. 
27 4.5.24 7.3 21S I8W 560 172 West of 
Tonga 
28 9.1.32 7.3 6.2S 154.5E 380 193 Solomon Eütion of Bagana, 
Islands 4.9.37: eruption of 
Vulcan, 29.5.37 
29 10.10.34 7.3 23.5S 180 540 171 South of 3 months after earthquake 
Fiji Santa Cruz Is., M:8.2, 
18.7.34 
30 10.7.40 7.3 44N 131E 580 657 E.Russia- P 
N.E,China 
border 
31 14.8.50 71T 62.5W 630 132 Santiago Day before Assam earth- 
del Estero quake, M8.7: 4 months 
Province, before earthquake, Argen- 
Argentina. tina, M8.3, 	9.12.50 
32 29.3.54 7.3 361N 3,77 630 385 Straits of 2 months after Stromboli 
Gibraltar eruption, 1.2.54: earth- 
quake, Dodecanese Is., 
M7.8, 	9.7.56 
33 30.5.55 7.3 24.2N 142.9E 572 213 OCaIO Earthcivake, S. of Honshu, islands M:7.7, 	18.2.56, see No.11 region 
34 8.10.60 7.3 40N 130E 650 660 Sea of Earthquakes, 11onshu,M8.0, 
Japan 20.3.60: Sinkiang, M7.3, 
1.4.61 and 	13.4.61 
359. 
APPENDIX 2 
CODE LETTERS REFERRING TO DEPTH OF FOCUS, AS USED IN THE OUTPUT 
OF THE 'VOLCANO SEARCH' AND 'CONE SEARCH' PROGRANMES 
A 	0- 32Km 
B 33Km 
C 	34- 59Km 
D 60- 89Km 
E 90-119Km 
F 120 - 149 Km 
G 150 - 179 Km 
H 180 - 209 Km 
I 210 - 239 Km 
J 240 - 269 Km 
K 20 - 299 Km 
L 300 - 329 Km 
K 330-359Km 
N '360- 389 Km 
0 390-419Km 
P 420-449Km 
Q 450 - 479 Km 
R 480 - 509 Km 
S 510-539Km 
T 540-569Km 
U 570 - 599 Km 
V 600 - 629 Km 
W 630 - 659 Km 
X 660 - 689 Km 
Y 690-709 Km 
Z over 710 Km 
indicates volcanic event (eruption, 
increase of fumarolic activity, or 
swarm of volcanic tremors). 
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